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ABSTRACT 
On the basis of the d i f f i c u l t y to recognise s p e c i f i c manganese 
minerals due to t h e i r frequent mode of occurrence as fine grained 
aggregates the present study has been directed towards investigating 
properties of the minerals which might serve as a r e a d i l y a c c e s s i b l e 
means of i d e n t i f i c a t i o n . Towards t h i s end attention has been focussed 
on X-ray d i f f r a c t i o n patterns, micro-hardness a n a l y s i s , a study of 
various optical properties and d i f f e r e n t i a l thermal a n a l y s i s c h a r a c t e r i s t i c s . 
X-ray d i f f r a c t i o n patterns using Cr(Ka) radiation have been established 
for some twenty mineral species and provide the most s a t i s f a c t o r y means 
of recognising the constituents of fine grained mineral intergrowths. 
The applications and limi t a t i o n s of micro-hardness t e s t i n g are reviewed 
and hardness values given for the minerals studied. Attention has 
been paid to the v a r i a t i o n of hardness with applied load and c r y s t a l 
orientation and hardness values given i n selected cases. R e f l e c t i v i t y 
values for white l i g h t and for eight wavelengths within the v i s i b l e 
spectrum are given for both a i r and o i l . Refractive and absorption 
indices as determined by the method of Cambon (1949) are quoted, the 
l a t t e r corresponding very well with values determined by c l a s s i c a l 
methods. D i f f e r e n t i a l thermal a n a l y s i s curves are given for the 
majority of the minerals, including a l l the more important forms, and 
such provide a s a t i s f a c t o r y means of distinguishing the main mineral 
groups• 
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INTRODUCTION 
Manganese assumes considerable importance because of i t s use i n the 
s t e e l and b a t t e r y i n d u s t r i e s . The nature of i t s use demands a thorough 
knowledge of the nature of the raw m a t e r i a l . The problem of e s t a b l i s h i n g 
methods for d i s t i n g u i s h i n g v a r i o u s manganese minerals from one another has 
only gained importance r e l a t i v e l y r e c e n t l y as i t i s only w i t h i n recent 
ye a r s t h a t i t has been even p o s s i b l e to recognise d i s t i n c t mineral s p e c i e s 
w i t h i n the group of f i n e grained manganese ores h i t h e r t o c a l l e d 'wad', 
psilomelane or 'braunstein'. 
I n an attempt to c l a r i f y the c l a s s i f i c a t i o n of manganese oxide minerals 
and to recognise d i a g n o s t i c features of d i f f e r e n t mineral s p e c i e s , F l e i s c h e r 
and Richmond (1943) found X-ray d i f f r a c t i o n , augmented by simple chemical 
t e s t s to be most e f f e c t i v e . 
More r e c e n t l y Ramdohr (1956) has drawn a t t e n t i o n to the d i v e r s i t y of 
the manganese oxide minerals approximating i n composition to MnO - HO, 
The p r e c i s e i d e n t i f i c a t i o n of these minerals i s hampered by t h e i r f i n e n e s s 
of g r a i n , the heterogeneity of sample and the f a c t t h a t s e v e r a l mineral 
s p e c i e s are i s o s t r u c t u r a l , the l a t t e r property hampering t h e i r i d e n t i f i c a -
t i o n even by X-ray. 
The present study has been d i r e c t e d towards i n v e s t i g a t i n g f u r t h e r t h i s 
i n t e r e s t i n g group of ore minerals with a view to e s t a b l i s h i n g c r i t e r i a f o r 
the i d e n t i f i c a t i o n of the separate mineral s p e c i e s . I n t h i s connection 
a t t e n t i o n has been focussed upon p o l i s h i n g methods, the micro-hardness, 
v a r i o u s o p t i c a l p r o p e r t i e s and d i f f e r e n t i a l thermal a n a l y s i s . P a r t I 
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(Chapters I and I I ) deals with a review of the geochemistry and occurrence 
of manganese and a consideration of the p r i n c i p a l manganese oxide m i n e r a l s . 
I n P a r t I I (Chapters I I I to V I I I ) the aspects considered i n the present 
study are d e a l t with and the r e s u l t s and conclusions presented. 
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PART I 
CHAPTER I 
GEOCHEMISTRY OF MANGANESE 
General 
Manganese i s the t w e l f t h most abundant element i n the earth's c r u s t , 
i t s average content i n the upper lithosphere being approximately 0.09^ 
(Goldschmidt 1954). Geochemically i t i s strongly l i t h o p h i l e i n ch a r a c t e r ; 
being concentrated i n the s i l i c a t e phase of the meteorites and i n the 
li t h o s p h e r e . 
Manganese i s r e l a t e d to i r o n i n i t s geochemical p r o p e r t i e s , occur-
r i n g next to the i r o n , cobalt and n i c k e l t r i a d i n the p e r i o d i c t a b l e . 
Manganese i n igneous rocks 
During the normal sequence of c r y s t a l l i s a t i o n , manganese i s not 
enriched enough to form independent minerals, the g r e a t e s t part of the 
manganese present i n igneous rocks i s concealed i n the s t r u c t u r e s of other 
rock forming m i n e r a l s . The manner of occurrence of manganese i n igneous 
rocks depends on i t s a b i l i t y to replace other ions d i a d o c h i c a l l y . Mangan-
ese can occur i n three s t a t e s of oxidation - b i v a l e n t , t r i - and t e t r a v a l e n t 
i o n s , the i o n i c r a d i i as compared with the other ions a r e a s f o l l o w s * f f * r 
fca^fcA™* S » h « m « . (i 94-9). 
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, 2 + 
i v i l l 0.91 
Fe 0.83 
2+ 0.78 Mg 
2^ Zn 0.83 
2+ Ca 1.06 
KX Mn° 0.70 Mn 4 0.52 KX 3*' 
F e
3 * 0.67 
A l 3 * 0.57 
C r 3 * 0.64 
I n igneous rocks manganese i s present as the b i v a l e n t ion, i t being the 
only form s t a b l e a t the low redox p o t e n t i a l of n a t u r a l s i l i c a t e melts. 
From Goldschmidt's laws b i v a l e n t manganese i s able to replace 
b i v a l e n t i r o n , magnesium, z i n c and calcium the replacement of b i v a l e n t 
i r o n being the most commonly encountered. The iln0:Fe0 r a t i o during the 
main c r y s t a l l i s a t i o n phase i s r e l a t i v e l y constant, the manganese content 
being lower i n a c i d than i n b a s i c rocks, however manganese i s concentrated 
i n the l a t e magmatic c r y s t a l l a t e s , hence causing a sharp i n c r e a s e i n the 
Mn:Fe r a t i o i n pegmatites. (Rankama and Sahama 1949). 
The hydroxyl s i l i c a t e s have the highest manganese contents - b i o t i t e , 
c a r r y i n g up to \% MnO and hornblende 0.3$. The b i v a l e n t manganese -
magnesium diadochy i s l e s s complete than the manganese - i r o n s u b s t i t u t i o n 
due to the greater d i f f e r e n c e between t h e i r i o n i c r a d i i . 
Cycle of Manganese and i t s Occurrence i n Sediments 
The c y c l e of manganese i n weathering i s dependent on two opposed 
chemical processes: 
(1) Leaching of b i v a l e n t manganese into s o l u t i o n as the bicarbonate. 
(2) P r e c i p i t a t i o n of very i n s o l u b l e hydroxides and oxides of t r i and 
t e t r a v a l e n t manganese p r i n c i p a l l y as p y r o l u s i t e or amorphous MnO^. 
I n the case of manganese the lowest oxidation s t a t e , b i v a l e n t , g i v e s 
the most mobile i o n s , while the higher s t a t e gives the immobile i o n s . The 
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b i v a l e n t manganese ion i s l a r g e r than other b i v a l e n t ions of the i r o n 
group leading to a low i o n i c p o t e n t i a l 2/0.91 = 2.20, which makes i t 
very s u s c e p t i b l e to leaching even with very weak a c i d s o l u t i o n s . Two 
opposite processes of leaching and p r e c i p i t a t i o n control the f a t e of 
the manganous compounds i n the weathering of rock forming m i n e r a l s . 
Under anaerobic conditions b i v a l e n t manganese i s l i a b l e to s o l u t i o n 
and leaching and i n aerobic conditions to p r e c i p i t a t i o n . 
The formation of oxidate sediments by the oxidation of b i v a l e n t 
to t e t r a - v a l e n t manganese i s then a very important geochemical process. 
Due to the very high i o n i c p o t e n t i a l ofteWralent manganese the dioxide 
( p y r o l u s i t e ) i s p r e c i p i t a t e d from s o l u t i o n s which have f a i r l y low pH 
v a l u e s . 
Not a l l accumulations of MnO^ have been formed from f r e s h waters 
or the sea. Oxidate deposits of manganese occur which have been formed 
d i r e c t l y by weathering. (Rankaina and Sahama 1949) 
A separation of manganese and i r o n has been noted i n c e r t a i n a r e a s , 
elsewhere the two metals are mutually a s s o c i a t e d i n the oxidate sediments. 
S e v e r a l reasons for t h i s have been proposed. 
(1) A stronger a f f i n i t y of i r o n f o r oxygen than the manganese has 
l e d to the i r o n being p r e c i p i t a t e d f i r s t while the manganese s t a y s i n 
s o l u t i o n . 
(2) F e r r i c Hydroxide being weakly b a s i c i s p o s i t i v e l y charged, i n 
c o n t r a s t to the manganic hydroxide which i s weakly a c i d i c and n e g a t i v e l y 
charged. On mixing they n e u t r a l i s e one another and f l o c c u l a t e , and are 
able to migrate i n ground water as hydrosols. Behrend (1924) showed t h a t 
on bringing a c o l l o d i a l s o l u t i o n of the two metals i n t o contact with an 
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e l e c t r o l y t e , the separation of the two metals begins with the coagula-
t i o n of the manganic hydroxide, the i r o n remaining i n s o l u t i o n . The 
negative charges of Mn(0H) 4 and MnOg s o l s and g e l s a t t r a c t c a t i o n s 
present i n s o l u t i o n . Frequently oxidate sediments of manganese c a r r y 
notable amounts of L i , Ca, Ba, B, T i , Co, Ni, Cd, Zn, T l , Pb, W e t c , 
(Rankama and Sahama). 
Manganese i n Metamorphic Rocks 
As the higher oxides of manganese hare r e l a t i v e l y low heats of 
formation they are not normally formed during metamorphism. The s i l i -
cate of manganese, rhodonite, or i n the presence of alumina the garnet 
s p e s s a r t i t e are normally formed. 
Genetic C l a s s i f i c a t i o n of Manganese Deposits 
On the b a s i s of t h e i r o r i g i n manganese deposits can be c l a s s i f i e d 
i n t o f i v e groups a f t e r Park (1956): 
a. Hydrothermal Deposits* 
b. Sedimentary Deposits* 
c* Deposits a s s o c i a t e d with submarine flows* 
d* Metamorphic Deposits. 
e. Residual Deposits and l a t e r i t e s . 
Although each group may be c h a r a c t e r i s e d by c e r t a i n t y p i c a l f e a t u r e s , 
considerable overlap e x i s t s and any s i n g l e deposit may show f e a t u r e s of 
more than one type. The c h a r a c t e r i s t i c s of the s e v e r a l types are b r i e f l y 
reviewed i n the following pages . 
Hydrothermal Deposits 
These g e n e r a l l y occur as v e i n s , as a t Butte Montana, where the 
manganese occurs p r i n c i p a l l y as the carbonate (rhodochrosite) and the 
s i l i c a t e (rhodonite) with smaller amounts of other forms of manganese. 
Manganese bearing thermal springs have given r i s e to sedimentary d e p o s i t s 
on reaching the s u r f a c e , the ocean f l o o r i n the case of the deposits of 
Cuba (Park 1942) and H a i t i (Goddard et a l 1944) and the land s u r f a c e of 
B o l i v i a (Lindgren 1922). 
Sedimentary Deposits 
Park (1956) d i s t i n g u i s h e s sedimentary deposits into three types 
according to t h e i r g e o l o g i c a l a s s o c i a t i o n , those 
(a) independent of v o l c a n i c a c t i v i t y , 
(b) a s s o c i a t e d with v o l c a n i c rocks, 
( c ) a s s o c i a t e d -with i r o n formations. 
M i n e r a l o g i c a l l y sedimentary manganese formations are c h a r a c t e r i s e d 
by the presence of the carbonate and various oxides of manganese. 
S t r u c t u r a l f e a t u r e s of the beds f r e q u e n t l y i n d i c a t e a shallow water 
o r i g i n . Lasky & V/ebber (1944) considered the manganese deposits of 
A r t i l l e r y Peak, Arizona, to be p a r t of a sequence of a l l u v i a l fan and 
playa m a t e r i a l s . Park (1956) draws a t t e n t i o n to the great l a t e r a l extent 
of the deposits of Central C h i l e , where a horizon i n a branch canyon of 
the E l q u i R i v er extends over a length of 30 Ems., a width of 1 Km. and a 
depth of 20 cms. The t h i c k n e s s of sedimentary manganese beds i s h i g h l y 
v a r i a b l e , the ore zone being up to two metres t h i c k i n C h i l e and Mexico. 
I n the disseminated ores of Cuba the ore zone extends up to a t h i c k n e s s of 
10 metres. Frequently manganese deposits may be t h i n bedded with i n d i v i d -
ual l a y e r s l / 2 - 4" t h i c k separated by barren bands as i n banded ironstone 
formations. 
The grade of the ore v a r i e s widely, the Cuban ore grading from 30 -
45$ manganese. 
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As regards t h e i r o r i g i n sedimentary manganese ores form under e i t h e r 
marine or fresh-water conditions. The form of the manganese, whether 
present as a hydrosol or the b i v a l e n t i o n ; the s a l i n i t y of the water; the 
Eh and pH; the presence of b a c t e r i a , temperature, and the water v e l o c i t y 
are c i t e d by Park (1956) as c o n t r o l l i n g f a c t o r s i n the depos i t i o n of man-
ganese. 
Dorr (1949) i n a d e s c r i p t i o n of extensive manganese deposits i n 
Western B r a z i l r e l a t e s the source of the manganese to r i v e r water d r a i n -
ing i n t o a p a r t i a l l y or t o t a l l y enclosed b a s i n . On entry i n t o the b a s i n 
the manganese deposits became p r e c i p i t a t e d due to a change i n s a l i n i t y . 
A general feature which has to be explained i s why i n some cases are i r o n 
and manganese separated, as a t Urucum, B r a z i l , and i n Scandinavia as noted 
by Ljunggren (1955) while with the Lake Superior i r o n ores there i s a 
clo s e a s s o c i a t i o n of i r o n and manganese (James 1955). Ljunggren considers 
the degree of separation i s r e l a t e d to pH, while James considers the 
c h a r a c t e r of the sedimentation to be r e l a t e d to the Eh conditions. 
Hewett and Webber (1931) r e l a t e the Three Kids deposit, Nevada, to 
a depo s i t i o n as a pla y a . 
Both the sedimentary ironstone type and the playa type grade i n t o 
deposits a s s o c i a t e d with v o l c a n i c and hydrothermal processes. Where 
manganese deposits are a s s o c i a t e d with v o l c a n i c rocks there i s a ready 
source of manganese. Vo l c a n i c m a t e r i a l e j e c t e d under water i s more h i g h l y 
fragmented, the ferromagnesian minerals being broken down, r e l e a s i n g the 
manganese to go into s o l u t i o n as the b i v a l e n t ion (Park 1956). Once i n 
s o l u t i o n the deposition of the manganese would be c o n t r o l l e d as i n the 
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case of manganese derived from r i v e r -waters. McKelvey e t a l (1949) c i t e 
the presence of t r a c e s of lead and copper i n manganese deposits near Lake 
Mead, Nevada, as evidence supporting the d e r i v a t i o n of manganese from hot 
sp r i n g s . 
Deposits Associated with Submarine Flows 
This group c o n s i s t s of r e l a t i v e l y small and uneconomic manganese 
occurrences a s s o c i a t e d with submarine b a s a l t s , andesites and p i l l o w l a v a s . 
They normally occur as lenses p a r a l l e l to the bedding of the e n c l o s i n g 
rock but r a r e l y may show replacement phenomena. M i n e r a l o g i c a l l y the 
manganese occurs as s i l i c a t e s and oxides i n c l u d i n g hausmannite. Park 
accounts f o r the o r i g i n of such deposits as being due to trapped and 
heated water combining with magmatic emanations and p e r c o l a t i n g through 
the flows, leaching the ferromangnesian minerals from the flows. On 
reaching the surface the manganese was p r e c i p i t a t e d . 
Metamorphic Deposits 
The nature of metamorphosed manganese deposits i s r e l a t e d to the 
o r i g i n a l character of the rock, the i n t e n s i t y of the metamorphism and the 
extent of metasomatism during metamorphism. 
I n the Menominee Range, Michigan, and the Fenokee range of Wisconsin 
c r o s s — c u t t i n g bodies of hausmannite and other manganese minerals occur. 
These bodies have been a s c r i b e d a hydrothermal o r i g i n by Dickey (1938) 
but they may have been o r i g i n a l c o n s t i t u e n t s of the a s s o c i a t e d i r o n form-
a t i o n from which they have been leached, r e - c i r c u l a t e d and l a t e r redepos-
i t e d by hot waters (Park 1956). 
Gondite, the high grade metamorphic product of the metamorphism of 
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a manganiferous sediment, or the metasomatic addition of manganese during 
the phase of contact or igneous metamorphism, i s the term given to the 
widespread 'protores' of B r a z i l , I n d i a and West A f r i c a . I t normally 
c o n s i s t s of t i n y garnets ( s p e s s a r t i n e ) -with l e s s e r amounts of carbonate. 
Residual Deposits and L a t e r i t e s 
On weathering manganese tends to concentrate as r e s i d u a l m a t e r i a l , 
the extent to -which i t does so being r e l a t e d to the p h y s i c a l f e a t u r e s of 
the enviroment, together with the rate of decomposition. Manganiferous 
rocks are decomposed, soluble gangue minerals are c a r r i e d away l e a v i n g 
the manganese oxides to form r e s i d u a l d e p o s i t s . Park (1956) quotes 
gondite as the most common and productive protore. At Morro da Mina, 
B r a z i l , the garnet-carbonate "gondite" i s cut by dykes and f r a c t u r e s and 
with v e i n s of rhodochrosite and rhodonite. The carbonates decompose more 
r e a d i l y than the s i l i c a t e s , providing an access for the o x i d i s i n g s o l u -
t i o n s , hence a c c e l e r a t i n g the weathering process. At Saude, B r a z i l , where 
the protore i s l a c k i n g i n carbonate the weathering i s l e s s e x t e n s i v e . 
Manganese r i c h l a t e r i t e s occur i n t r o p i c a l regions, forming i n a 
s i m i l a r manner to the i r o n r i c h l a t e r i t e s , p r i n c i p a l l y from the decompos-
i t i o n of b a s i c igneous rocks. Deposition from upward moving s o l u t i o n s 
has been noted i n the form of nodular concretions i n the 'B' horizon of 
the l a t e r i t e . The manganese minerals found i n r e s i d u a l deposits i n c l u d e 
p y r o l u s i t e , psilomelane and 'wad' i n v a r i o u s admixtures, f r e q u e n t l y d i s -
p l a y i n g r a d i a t i n g and colloform t e x t u r e s . 
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CHAPTER I I 
CLASSIFICATION OF MANGANESE OXIDE MINERALS 
The oxides of manganese are c l a s s i f i e d according to the c l a s s i f i c a -
t i o n of Palache, Berman and Frondel (1944). 
1. Simple Oxides 
A X Type 
P e r i c l a s e group 
Mangano s i t e * MnO 
Ar s e n o l i t e group 
B i x b y i t e * ( M n F e ) ^ 
Braunite * (MnSi)gO 
A X 2 type 
R u t i l e group 
P y r o l u s i t e * MnOg 
Ramsdellite MnO^ 
*MnOft Nsutite * MnO. Q Q 
^Mn02 Mn02 
Wad 
Todorokite 2fcOMn02#2H20).3(Mn203.3Mn02,2H2<$ 
Woodruffite ( Z n M j t o . 0 1 o 4 H o 
O 12 2 
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2. Hydroxides and Oxides containing hydroxy1 
A X 2 Type 
B r u c i t e group 
Pyrochroite * Mn(OH), 
Lepidocrocite group 
Manganite * 
Sj o g r e n i t e group 
Psilomelane * 
3. Mult i p l e Oxides 
A B X 2 Type 
Goethite group 
Groutite * 
A B g X 4 Type 
S p i n e l group 
Magnetite s e r i e s 
F r a n k l i n i t e * 
J a c o b s i t e * 
Vredenburgite 
Hausmannite group 
Hausmannite * 
Hydrohausmannite 
H e t a e r o l i t e * 
Hydrohetaerolite 
Crednerite * 
MnO(OH) 
BaMn 2Mn 4 g0 1 6(0H) 4 
H Mn 0, 
Zn F e n 0^ 
Mn Fe f t 0A 2 4 
Jacobs ite-Hausmannite 
Mn Mn 0^ 2 4 
z Mu\ o„ nnoks ^ ) 3 ( a o H V 4 8 2 
Zn Mn2 0 4 
Zn 2 Mn 4 0 gJH 20 
Cu Mn_ 0^ 2 4 
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A B 2 X & Type 
Chalcophanite * Zn Mn2 0 5 . 2^0 
A B 3 X ? Type 
Coronadite * Mn Pb Mn_ 0, . 
Hollandite * Mn Ba Mn, 0, . 
6 14 
Cryptomelane * Mn K • Mn^ 0^^ 
N.B. * denotes mineral examined i n present study 
I t i s noir proposed to review the main fea t u r e s of the present s t a t e 
of knowledge on each of these m i n e r a l s , r e s u l t s of the present study 
r e l a t i n g to these minerals are however presented i n P a r t I I and Appendix 
I of the t h e s i s * 
Manganosite 
His t o r y and Nomenclature 
Manganosite was f i r s t described from Langban, Sweden by Blomstrand 
i n 1874, the name being an a l l u s i o n to the composition. 
P h y s i c a l P r o p e r t i e s 
Manganosite i s b o t t l e green i n colour on a f r e s h l y cut s u r f a c e , how-
ever on exposure to a i r i t becomes a brownish black colour due to surfa c e 
o x i d a t i o n to higher oxides. Much of the m a t e r i a l from F r a n k l i n Furnace 
has e x - s o l u t i o n c i g a r shaped i n c l u s i o n s of z i n c i t e along octahedral d i r e c -
t i o n s ( i l l ) and i n ad d i t i o n may d i s p l a y a f a i r cleavage (001). The melt-
ing points quoted vary upwards from 1585°C but the f i g u r e of 1785°C of 
Hay, Howat and White (1934) i s recommended by Mason (1943). 
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Crystallography 
Manganosite belongs to the octahedral c l a s s of the i s o m e t r i c system. 
Mason (1943) reports the mineral as having an NaCl s t r u c t u r e , the u n i t 
c e l l containing four MnO groups. The u n i t c e l l s i z e given by Broch (1927), 
Ruhemann (1935) i s a « 4*435 and by E l l e f s o n & Taylor (1934) as 
a • 4,436 - 0.002, o 
Chemical Composition 
Analyses of manganosite show t h a t i t occurs p r a c t i c a l l y pure as the 
s o l u b i l i t y of other oxides decreases g r e a t l y a t low temperatures. The 
t h e o r e t i c a l composition of the mineral i s 77.44$ Mn and 23.56^ 0 and 
a c t u a l analyses depart from t h i s composition only s l i g h t l y due to the 
presence of minor amounts of i r o n , magnesium and z i n c . I r o n and magnesium 
probably replace manganese d i a d o c h i c a l l y whereas the z i n c i s present as 
minute i n c l u s i o n s of z i n c i t e (Frondel 1940), At high temperatures mangan-
o s i t e forms s o l i d s o l u t i o n s e r i e s with other oxides of the R0 type. Ex-
s o l u t i o n intergrowths of z i n c i t e i n manganosite have been described from 
F r a n k l i n Furnace by Frondel (1940) and intergrowths of manganosite and 
p e r i c l a s e occur a t Langban and Nordmarken, suggesting t h a t the s o l u b i l i t y 
of MnO and ZnO; and MnO and MgO must be quite small a t ordinary tempera-* 
t a r e s . I n the system MnO - Mn o0 o and MnO - Mn 0 no intermediate products 
have been recognised. 
Occurrence 
I n a d d i t i o n to the occurrence a t Langban, reported by Blomstrand i n 
1874, where i t i s a s s o c i a t e d with pyrochroite and manganite i n dolomite, 
the mineral has been recognised a t F r a n k l i n Furnace a s s o c i a t e d w i t h z i n c i t e 
and w i l l e m i t e and a t Nordmark, Sweden, a s s o c i a t e d with pyrochroite, hausman-
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n i t e , garnet and pe r i c l a s e i n dolomite. 
Alteration Products 
Hausmannite, pyrochroite and possibly pyrolusite have been recorded 
as the a l t e r a t i o n products of manganosite* 
Bixbyite 
History and Nomenclature 
Bixbyite was f i r s t described by Penfield and Foote (1897) from an 
occurrence at Utah and named a f t e r a Maynard Bixby of S a l t Lake Ci t y , 
Utah. They considered the mineral to be FeO.MnO^ but Zachariasen (1928) 
shoved the mineral to have the same structure as Mn^ O^ . Bixbyite has now 
been recognised i n two, possibly three forms, however only the oc v a r i e t y 
e x i s t s as a mineral. 
Dubois (1934) describes t Mn^Og which gave a powder pattern s i m i l a r 
to that of hausmannite and d i s t i n c t from the normal bixbyite pattern. 
This material was again prepared s y n t h e t i c a l l y by Verwey and de Boer (1936) 
who considered i t to have a Mn^ O^  l a t t i c e with two and two-thirds vacant 
cation positions per unit c e l l . ( a ^ = 8.1A, c o - 9.4A, c/a = 1.16 and 
S.G. = 4.6 i n comparison to t^Mu^O^ with S.G. = 4.74 - 5.9. 
The preparation of the other metastable form was described by Le 
Blanc and Wehner (1933) but the product gives only a diffuse powder photo-
graph. Nevertheless the l a t t e r authors reported i t to be tetragonal with 
a « 8.85A, c = 9.95A. The properties of t h i s modification are s i m i l a r o o 
to those of MngOg to which Dubois considers i t to be i d e n t i c a l , however 
the powder photograph evidence i s i n c o n f l i c t with t h i s conclusion. As 
noted at the beginning of t h i s section only OC Mn^Og occurs i n the natural 
st a t e so i t alone w i l l be considered further. 
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P h y s i c a l P r o p e r t i e s 
B i x b y i t e has a black colour and s t r e a k , breaks with an i r r e g u l a r 
f r a c t u r e and d i s p l a y s a sub-metallic l u s t r e . A p e r f e c t (001) cleavage 
has been reported by C o r t e l i g z i , Hummel and Schroeder (1934) on m a t e r i a l 
from Patagonia but t h i s f eature has not been confirmed by Berman (1940) 
on m a t e r i a l from Utah. The s p e c i f i c g r a v i t y i s reported as 4.945 (Dana) 
with c a l c u l a t e d v a l u e s of 5.068 f o r a form of Mn : Fe = 1 : 1. 
Crystallography 
B i x b y i t e belongs to the d i p l o i d a l c l a s s of the cubic system, the 
u n i t c e l l s i z e having a Q • 9.365 Pauling & Shappel (1930). 
Chemical Composition 
As mentioned p r e v i o u s l y P e n f i e l d and Foote (1897) considered the 
mineral to be FeO.MnO^ but Zachariasen (1928) showed i t to have the same 
s t r u c t u r e as Mn 90 q and so i s r e a l l y (FeMnlO . Natural "Mn 0 " always 
contains i r o n i n s o l i d s o l u t i o n r e p l a c i n g manganese up to approximately 
50$. Mason (1942) recognised that b i x b y i t e was i d e n t i c a l with the mineral 
11 s i t a p a r i t e 1 1 described from the C e n t r a l Provinces of I n d i a by Fermor (1908) 
and on grounds of p r i o r i t y proposed that the name s i t a p a r i t e be discarded, 
(Fermor's m a t e r i a l agrees with the formula except f o r 6% CaO which may be 
present as Ca MnO .) S i m i l a r l y p a r t r i d g i t e i s a name proposed f o r v a r i e -
3 
t i e s of b i x b y i t e containing l e s s than 10% F e ^ (de V i l l i e r s 1943). 
Mason (1943) reporting on the system Mn 0 - Fe 0 found no products 
i n the composition range 15 - 40$ Mn 0 only cubic Mn 0 with 60% Fe 0 
tL o £ o c. 3 
and Fe o0_ with 10 - 15$ Mn o0 o, A phase diagram (see f i g . l ) determined 
by the appearance/non-appearance of c h a r a c t e r i s t i c l i n e s of the two end 
members shows t h a t the s o l u b i l i t y of MBQ 0^ i n Fe 0 does not va r y with 
^s ^ « s r  
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temperature, but the s o l u b i l i t y of Fe 0 i n Mn 0 i s markedly a f f e c t e d by 
2 3 * 3 
temperature (30$ a t 600°C to 10% a t 1 0 0 0 ° c ) . When b i x b y i t e s were p l o t t e d 
according to t h e i r Mn 0 content Mason was able to recognise two types 
d O 
(a) Utah and Patagonia b i x b y i t e with 50 - 60% Fe 0 which must have formed 
d, 3 
a t 850 - 950°C and (b) S i t a p a r , Postmasburg, Langban and Murjek, Sweden 
with 30$ Fe 0 which require temperatures <650°C. The higher temperature 
forms occur near a c i d i n t r u s i v e s whereas the low temperature forms occur 
i n metamorphosed manganese ores* 
Occurrence 
As mentioned i n the previous s e c t i o n b i x b y i t e occurs i n two environments: 
(1) High temperature b i x b y i t e a s s o c i a t e d with v o l c a n i c rocks e.g. Utah 
and Patagonia* 
(2) Lower temperature b i x b y i t e s (<650°C) i n metamorphic environments, 
having formed from p r e - e x i s t i n g sedimentary manganese ores e.g. S i t a p a r , 
I n d i a ; Langban, Sweden; and Postmasburg, S.A. 
Braunite 
H i s t o r y and Nomenclature 
Braunite was f i r s t described by Haidinger (1826) from Elgenberg, 
Thu r i n g i a , and named a f t e r Kammerath Braun of Gotha. Since then i t has 
been recognised a t a great number of l o c a l i t i e s , i n a v a r i e t y of environ-
ments, hydrotherma1, magmatic and secondary* Haidinger considered braunite 
to be n a t u r a l l y o c c u r r i n g ^ 2 ^ 3 ***** a * r a c e °* SiO^ and led Hammelsberg 
(1865) to propose the formula of SMn^O^. MnSiO^ a formula which has stood 
the t e s t of time and remains the accepted formula of braunite* 
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P h y s i c a l P r o p e r t i e s 
I n colour braunite i s s t e e l grey and has a sub - m e t a l l i c l u s t r e . I n 
polished s e c t i o n braunite d i s p l a y s -weak anisotropism, with p e r f e c t (112) 
cleavage. The S.G. i s quoted i n Dana as 4.72 - 4.83, the v a r i a t i o n 
p o s s i b l y being due to v a r i a t i o n s i n the Mn t S i r a t i o ; the c a l c u l a t e d S.G. 
f o r Mn : S i : : 7 : 1 i s 4.67. 
Crystallography 
Braunite was formerly placed i n the holohedral c l a s s of the t e t r a -
gonal system. I t commonly c r y s t a l l i s e s i n octahedra n e a r l y i s o m e t r i c i n 
angle. F l i n k (1888) from the pseudo-isometric s e t t i n g determined c/a -
0.9924, and powder photographs of the same m a t e r i a l (Bystrom & Mason 1943) 
give a o • 9.42, cq = 18*67, and c/a « 1.981 ( i . e . t * * c e the c/a value of 
F l i n k ) . Goldschmidt chose the a l t e r n a t e s e t t i n g with an a x i a l r a t i o 
c/a - 1.4032. 
Schuster considered c r y s t a l s from Jacobsberg were isomorphous with 
i l m e n i t e and so belonged to the tri-rhombohedral c l a s s of the hexagonal 
system. Bystrom and Mason however on examination of Schuster's m a t e r i a l 
s t a t e t h a t i t i s t e t r a g o n a l . 
Aminoff ( l 9 3 l ) took r o t a t i o n photographs around 010, 110 and 001 and 
thence considered braunite to belong to the space group 4/m.2/m 2/m. 
Bystrom and Mason (1943) took Weissenberg photographs around (100) 
and ( 0 0 l ) on the zero and f i r s t l a y e r l i n e and found braunite to belong 
to the space group £>idio 14 c* Thus braunite must belong to the sphenoidal 
c l a s s of the tetragonal system and not the holohedral c l a s s as determined 
by c r y s t a l l o g r a p h i c measurement* 
Bystrom and Mason (1943) summarise the l a t t i c e parameters obtained 
from powder photographs as below: 
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a Q(-0.01A) C q ( - 0 . 0 2 A ) 
Syn. from MnSO & Na SiO 
4 d O 
9.41 18.64 
Syn. from Mn_0o & MnSx0 o 
A 3 O 
9.40 18.64 
Langban 9.42 18.67 
it 9*41 18.64 
i i 9.40 18.59 
Jacobsberg 9,40 18.59 
Lohdongri Mn Mine 9*42 18.72 
I I 9*41 18.72 
I I 9.40 18.67 
Eandri Mn Mine 9.42 18.69 
Only tiro e a r l i e r l a t t i c e dimensions were known: 
Aminoff (Langban) 9.50 18.93 
Switzer (Nagpur) 9.36 18.77 
From the constancy of the above r e s u l t s Bystrom and Mason conclude 
t h a t e i t h e r the composition v a r i e s l i t t l e or t h a t the s u b s t i t u t i o n of fo r e i g n 
elements i n the braunite l a t t i c e does not a f f e c t the l a t t i c e dimensions. 
Chemical Composition 
As s t a t e d i n the introductory passage braunite was f i r s t d escribed by 
Haidinger i n 1826. He considered i t to be n a t u r a l l y o c c u r r i n g Mno0 with 
d 3 
only a t r a c e of SiO^. L a t e r analyses have shown braunite to contain SiO^ 
and thus arose the question was i t c o n s t i t u t i o n a l or was i t admixed and i f 
i t was the former where did i t occur i n the formula. Hammelsberg (1865) 
from analyses of s e v e r a l specimens proposed the formula 3Mno0 .MnSiO , a 
formula which has stood the t e s t of time and i s now the recognised formula 
fo r the mineral. Aminoff (1931) showed from an X-ray study t h a t braunite 
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had a s t r u c t u r e r e l a t e d but d i s t i n c t from b i x b y i t e (MngO^) and t h a t the 
formula was 3Mn o0 o.MnSi0 o. Such a formula r e q u i r e s 10% SiO and most 
d O O *> 
of the analyses approximate to t h i s amount. A SiOg poor braunite from 
Arkansas (0.18% SiOg) has subsequently been shown to be composed of 
psilomelane and hausmannite (Miser and F a i r c h i l d 1920). Another a n a l y s i s 
low i n s i l i c a i s t h a t of a braunite from E l b a , but such i s considered by 
Mason (1943) to be e i t h e r a f a u l t y a n a l y s i s i n homogeneous m a t e r i a l , or 
that the mineral was not i n f a c t braunite but b i x b y i t e . G e n e r a l l y speak-
ing only a small amount of replacement of manganese by f o r e i g n elements 
has been observed. The highest i r o n content noted i s 15.39$ i n braunite 
from Texas (Hewett & S c h a l l e r , 1937) but i n the m a j o r i t y of analyses the 
i r o n content does not exceed 5%, I t i s suggested by Mason (1943) t h a t 
the replacement of i r o n i s l i m i t e d as a l l attempts to make an i r o n r i c h 
v a r i e t y have f a i l e d whereas the s y n t h e s i s of ordinary braunite i s not 
d i f f i c u l t . 
Small amounts of magnesium, calcium and barium were reported by 
Fermor (1909) i n braunite from the K a j l i d o n g r i mine. I n d i a , the w r i t e r 
observing t h a t the amounts present corresponded almost e x a c t l y to the 
composition 3Mno0 .(MgCa)SiO and he suggested t h a t these elements repla c e 
d O O 
d i a d o c h i c a l l y the manganese atoms l i n k e d to the s i l i c o n . Fermor's sugges-
t i o n was confirmed by Mason (1943), the l a t t e r heating Mno0 with the 
d 3 
p r e c i p i t a t e obtained by adding N a o S i 0 o to a mixed s o l u t i o n of magnesium 
d 3 
and calcium s a l t s i n proportions to give (MgCa)SiO f o r three days a t 
o 
930°C, a powder photograph of the product being recognised as being braun-
i t e . 
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Occurrence 
Braunite may be found i n a v a r i e t y of environments as follows: 
(1) D i r e c t l y c r y s t a l l i s e d from magmas (Ramdohr 1956). 
(2) Vari ous l e v e l s of hydrothermal a c t i v i t y . 
(3) As veins and lenses as the r e s u l t of a metamorphism of manganese 
oxides and s i l i c a t e s . 
(4) As a secondary mineral associated with pyr o l u s i t e , wad and 
psilomelane. 
Pyrolusite 
History and Nomenclature 
The i d e n t i t y of pol i a n i t e and pyrolusite as being the sauie material 
was demonstrated by the X-ray studies of St John (1923), F e r r a r i (1926) 
and Vaux (1937) the two forms having been regarded as two d i s t i n c t mineral 
species. On the grounds of p r i o r i t y the name pyrolusite should be applied 
to both forms. Ramdohr (1956) proposes the use of the doublet 'polianite -
pyrolusite' to describe the two forms, 'pyrolusite proper' f o r the second-
ary pseudomorphic v a r i e t y and 'polianite proper' for the primary material. 
Although some d i s t i n c t i o n between the two forms i s desirable, i t i s sure l y 
u n j u s t i f i e d to create a connotation at t h i s l e v e l . The name 1 p y r o l u s i t e * 
i s derived from the Greek " f i r e " and "to wash", terms alluding to i t s use 
in discharging the brown and green t i n t s of g l a s s . The c r y s t a l l i n e 
v a r i e t y p o l i a n i t e derives i t s name from the Greek "to become grey", 
r e f e r r i n g to the colour. 
Physical Properties 
By v i r t u e of i t s variable habits pyrolusite displays considerable 
v a r i a t i o n i n physical properties. I t s colour v a r i e s from a du l l m e t a l l i c 
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grey i n f i n e grained masses to a bright iron grey i n c r y s t a l s , the 
c r y s t a l l i n e material displaying a m e t a l l i c l u s t r e . A l l forms have a 
black streak. The massive material does not display any cleavage other 
than frequently p a r a l l e l to the axis whereas the c r y s t a l l i n e material 
displays a perfect cleavage (110). I n polished section pyrolusite 
appears cream white i n colour showing a d i s t i n c t anisotropism with 
occasional polysynthetic twinning. 
Pyro l u s i t e has been recognised to occur i n a v a r i e t y of habits 
c l a s s i f i e d as below by F l e i s c h e r and Richmond (1943): 
(1) Compact, fin e grained, dense masses with a tendency to f r a c t u r e 
conchoidally. 
(2) Massive, f r i a b l e , with grain s i z e u sually somewhat lar g e r than 
the compact va r i e t y . 
(3) Botryoidal, occurring i n radiating c r y s t a l s or c r y s t a l l i s e d 
masses with an external form resembling c l u s t e r s of grapes, which may be large 
or small. There may be several composite bands making up each grape. I n 
many of the f i n e l y banded specimens composed of harder and softer bands, 
the softer portion i s pyrolusite and the harder portion i s p y r o l u s i t e , 
cryptomelane or psilomelane. 
Crystal1ography 
Pyro l u s i t e belongs to the ditetragonal dipyramidal c l a s s of the 
tetragonal system 4/m 2/m 2/m. 
F e r r a r i (1926) reports c e l l s i z e s of a o « 4.38, CQ - 2.85, and 
a : c s i : 0.651. o o 
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Chemical Composition 
The t h e o r e t i c a l composition of p y r o l u s i t e i s 63.19$ Mn and 36.81> 0. 
The m a j o r i t y of analyses show s e v e r a l per cent H_0, i t being present as 
c a p i l l a r y or absorbed water. I n addition small amounts of heavy metals, 
phosphate, a l k a l i e s and a l k a l i n e earths e s p e c i a l l y barium may be present 
as admixed or adsorbed i m p u r i t i e s . Barium when present i n concentrations 
over one per cent i s probably i n d i c a t i v e of admixed psilomelane or ho11au-
d i t e . The presence of b i v a l e n t manganese i n pseudomorphic m a t e r i a l a f t e r 
manganite i s probably i n d i c a t i v e of incomplete replacement of the l a t t e r 
m a t e r i a l . 
Occurrence 
P y r o l u s i t e , probably the most commonly occurring manganese mi n e r a l , 
i s c h a r a c t e r i s t i c of h i g h l y o x i d i s i n g conditions, and as such may occur 
i n 
(a) The o x i d i s e d zone of manganiferous ore deposits and rocks. 
(b) Bog, l a c u s t r i n e or shallow marine deposits. 
( c ) Deposits formed by c i r c u l a t i n g meteoric waters* 
Frequently p y r o l u s i t e i s a s s o c i a t e d with hausmannite, manganite, cryptom-
elane, psilomelane and the i r o n minerals l i m o n i t e , hematite and goethite. 
To a l e s s e r extent braunite and chalcophanite may be a s s o c i a t e d with 
p y r o l u s i t e . 
A l t e r a t i o n 
P y r o l u s i t e occurs as pseudomorphs of a large v a r i e t y of m i n e r a l s , 
p r i n c i p a l l y manganite, but a l s o rhodonite, alabandite, manganosite, hausman-
n i t e , b r a u n i t e , huebnerite, rhodochrosite and manganiferous s i d e r i t e . 
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Ram8dellite 
History and Nomenclature 
The name ramsdellite was f i r s t applied by F l e i s c h e r and Richmond 
(1943) r e f e r r i n g to the mineral described by Ramsdell (1932) as a possible 
dimorph of pyrolusite* 
Physical Properties 
Ramsdellite i s s t e e l grey i n colour and frequently of a fibrous 
habit. The streak as reported by F l e i s c h e r and Richmond (1943), Klings-
berg and Ray (1957) i s black, but Ramdohr (1956) quotes i t as being red-
dish* Hardness i s quoted by F l e i s c h e r , Richmond and Evans (1962) as 2 -
4 and the s p e c i f i c g r a v i t i e s range between 4.37 and 4.84. 
Crystal1ography 
Ramsdellite was recognised as being orthorhombic by F l e i s c h e r and 
Richmond (1943) and Bystrom (1949) found i t to belong to space group 
16 
^2h °^ ^ e o r^korhombic system. 
F l e i s c h e r , Richmond and Evans (1962) described single c r y s t a l s of 
ramsdellite pseudomorphing groutite, the u n i t c e l l as determined by 
Buerger precessions figures corresponding c l o s e l y to the figures of 
Bystrom (1949). 
a b e 
Bystrom (1949 ) 4.533 ± 0.005 9.27 ± 0.01 2.866 ± 0.02 
F l e i s c h e r , Richmond 4.53 ± 0.02 9.28 ± 0.03 2.86 ^ 0.02 
& Evans (1962) 
The conversion of groutite to ramsdellite i s r e l a t i v e l y simple 
only requiring the removal of hydrogen ions from the system. 
X-ray patterns determined by various authors are i n good agree-
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ment except that given by Allsman (1955) which resembled Nsuta MnO^ 
of Sorem & Cameron (1960) and hence i s probably not r a m s d e l l i t e . 
(see Appendix I I ) . 
Chemical Composition 
The chemical composition of r a m s d e l l i t e i s c l o s e to t h a t of 
p y r o l u s i t e , however the r a t i o of cations of oxygen i s not c l e a r due 
to the presence of minor elements which may e x i s t as t r a c e elements 
or impurites F l e i s c h e r , Richmond and Evans (1962)." A specimen (of 
r a m s d e l l i t e from Lake V a l l e y ) has been analysed by the authors 
(Wads l e y & Walk ley, 1951) and i n common with a l l the manganese diox-
ides shows a departure from true s t o i c h i m e t r i c proportions." 
Occurrence 
Ramsdellite has not as y e t been recognised as a primary mineral, 
but only as a secondary mineral a f t e r g r o u t i t e a t Lake V a l l e y , N.M. 
Ramsdellite occurs i n f i s s u r e s and f a u l t s i n limestone, as groups of 
c r y s t a l s on ferruginous chert, much of the r a m s d e l l i t e having reverted 
to p y r o l u s i t e ( F l e i s c h e r , Richmond and Eva n s ) . 
A l t e r a t i o n 
I t i s considered t h a t r a m s d e l l i t e forms by weathering of g r o u t i t e , 
s i m i l a r to p y r o l u s i t e from raanganite ( F l e i s c h e r , Richmond & Evans). The 
a s s o c i a t i o n of p y r o l u s i t e with r a m s d e l l i t e suggests t h a t r a m s d e l l i t e under-
goes f u r t h e r a l t e r a t i o n to p y r o l u s i t e . 
Gamma Manganese Dioxide - Nsutite 
Gamma MnO^ was f i r s t recognised as a distinct phase by Dubois (1936) 
and described by Glemser (1939). The l a t t e r author applied the term to 
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an oxide prepared by three d i f f e r e n t methods, which v a r i e d i n composition 
from MnO, _ e - MnO. n n . Schossberger (1941) confirmed the ex i s t e n c e of 1.76 1*93 
Glemser's #Mn09 i n an a r t i f i c i a l preparation used i n the b a t t e r y t r a d e . 
mm 
McMurdie (1944) found KMn0o i n oxides produced by e l e c t r o l y t i c o x i d a t i o n 
fit 
and considered i t to be a very f i n e grained p y r o l u s i t e . 
The i n t e r e s t paid to XMnOg stems from i t s use i n b a t t e r y technology. 
D i f f e r e n c e s i n powder patterns quoted by v a r i o u s authors have l e d to XilnO^ 
being r e l a t e d to d i f f e r e n t m i n e r a l s . As sta t e d above McMurdie recognises 
i t as a f i n e grained p y r o l u s i t e while Cole, Wadsley and Walkley (1947) regard 
i t as being r e l a t e d to r a m s d e l l i t e . The l a t t e r authors regard XMnO as 
ma t e r i a l s i m i l a r to tha t of Dubois (1936), Glemser (1939) and McMurdie (1947) 
which ne v e r t h e l e s s show s l i g h t d i f f e r e n c e s i n the d i f f r a c t i o n p a t t e r n between 
samples. This feature had been p r e v i o u s l y noted by Dubois (1936) F e i t k n e c h t 
and Marti (1945) and Schosberger (1941) the l a t t e r w r i t e r a t t r i b u t i n g the 
v a r i a t i o n s to l a t t i c e d i s t o r t i o n s brought about by for e i g n i o n s . Cole, 
Wadsley and Walkley t r a c e a t r a n s i t i o n from true XMnOg, through two i n t e r -
mediate forms into r a m s d e l l i t e . I n t h i s way they regard iMnO^ as being 
i m p e r f e c t l y c r y s t a l l i s e d r a m s d e l l i t e . Against being r e l a t e d to p y r o l u s i t e 
the w r i t e r s c i t e l i n e s with 'd' spacings of 4.02 and 1.38 i n the pa t t e r n 
of ^MnOg which are not present i n the p y r o l u s i t e p a t t e r n . 
McMurdie and Golovato (1948) s t a t e that the l i n e approximating to 
4A* i s ve r y v a r i a b l e and i n d i c a t e s that i t i s not caused by the same phase 
as produces the 8Mn0 pattern. With the exception of the l i n e the 
mm 
pattern f o r ^ MnO^  i s s i m i l a r to t h a t of p y r o l u s i t e , except t h a t i n the 
former case the l i n e s are broader due to the f i n e s s of g r a i n , and the 
absence of the 200, 210 and 220 l i n e s i n d i c a t i n g a substance poorly d e v e l -
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oped p a r a l l e l to the * c > a x i s * McMurdie and Golovato (1948) suggest 
the l i n e at 4^ be due to r a m s d e l l i t e or g r o u t i t e , both these phases have 
strong l i n e s i n t h i s region. The w r i t e r s a s c r i b e the d i f f e r e n c e s i n the 
tfMnOg pattern to v a r i a t i o n i n the degree of c r y s t a l l i s a t i o n and propor-
t i o n s of i m p u r i t i e s , hence do not consider them as s t r u c t u r a l d i f f e r e n c e s 
as do Cole, Wadsley and Walkley, 
Zwicker, Groenveld Meijer and J a f f e (1962) have recognised a 
d i s t i n c t form " n s u t i t e " (Nsuta ^ 0 of So rem & Cameron, 1960) from iri t h -
i n the group h i t h e r t o c a l l e d KMnOg. N s u t i t e , from the type l o c a l i t y i n 
Ghana, i s applied to the n a t u r a l l y occurring XMnO and £MnO applied to 
a r t i f i c i a l products a f t e r Sorem & Cameron* S l i g h t v a r i a t i o n s i n the X-
ray patterns of n s u t i t e were observed by Sorem & Cameron and these d i f f e r -
ences are ascrib e d by Zwicker, Groenveld M e i j e r & J a f f e (1962) to v a r i a -
t i o n s i n the manganese content, i . e . v a r i a t i o n s i n the type of manganese 
ion present, the l a r g e r b i v a l e n t i o n g i v i n g r i s e to a s l i g h t l y g reater 
•d* spacing. 
Delta MnO^ 2 
Histo r y 
The form &Mn0g was recognised f i r s t by McMurdie (1948) and i s 
thought to be the same as th a t described as amorphous by Grimer (1943) 
and c a l l e d manganous manganite by F e l t n e c h t and Marti (1945). Cole e t 
a l prepared a sample g i v i n g the two dia g n o s t i c l i n e s a t 2.41 and 1.42 
as quoted by McMurdie and a l s o a form with more l i n e s , p a r t i c u l a r l y a 
c h a r a c t e r i s t i c l i n e a t 7.13^ • McMurdie & Golovato (1948) consider t h a t 
oMnOp has a s i m i l a r r e l a t i o n to cryptomelane as &MnO_ has to p y r o l u s i t e , 
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i n f a c t regard i t as a poorly c r y s t a l l i s e d cryptomelane, t h a t only occurs 
r a r e l y i n nature. 
Todorokite 
Histo r y and Nomenclature 
Todorokite was f i r s t described from the Todoroki mine, Hokkaido, 
Japan by Yoshimura (1934). 
P h y s i c a l P r o p e r t i e s 
Very s o f t , black colour with m e t a l l i c l u s t r e , s t r e a k s on paper and 
s o i l s the hands, i n f a c t very s i m i l a r to graphite. Yoshimura assumes a 
monoclinic symmetry f o r the mineral and from t h i s assumption the 'c' 
d i r e c t i o n i s the elongation d i r e c t i o n and gives a value of 110° f o r J B . 
P e r f e c t cleavages occur p a r a l l e l to (010) and (100). Twinning on a 
domatic face i s quite common and the angle, between the 'c' axes i n such 
o 
assemblages i s 60 . 
Chemical Composition 
Todorokite i s a hydrous oxide of b i v a l e n t manganese, a l k a l i n e 
earths and t e t r a v a l e n t manganese to which Yoshimura a s c r i b e s the follow-
ing formula 2(R0.Mn0 2.2H 20). 3(Mn g0 3.3Mn0 2.2H 20) where R » Cu, Mg, Ba, 
Mn e t c . i n f a c t s i m i l a r to the formula proposed by Larsen & S t e i g e r 
f o r nontronite (CaMg)O. S i 0 o ( F e 0 o ) . 3 S i 0 o . 3H.0. L i k e t h i s l a t t e r mineral 
todorokite has been formed by hydrothermal a l t e r a t i o n , i n t h i s case from 
a mineral of the z e o l i t e group, i n e s i t e . 
Occurrence 
This mineral occurs as an aggregate of very f i n e f i b r o u s f i b r e s up 
to a maximum length of 0.05 mm. arranged i n lamellar l a y e r s which are 
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v e r t i c a l to the surface of the l a y e r . 
Woodruffite 
H i s t o r y and Nomenclature 
Woodruffite, a hydrated oxide of manganese and z i n c , was f i r s t 
d escribed by Fronde1 (1953) from the S t e r l i n g H i l l , F r a n k l i n Furnace 
area of New J e r s e y , where i t occurs as very f i n e grained b o t r y o i d a l 
c r u s t s and l a y e r s , and as dense, earthy masses forming the matrix round 
f r a n k 1 i n i t e and other primary minerals, i n f a c t very s i m i l a r to wad and 
psilomelane, by which name i t had hi t h e r t o been known* 
P h y s i c a l Properties 
Woodruffite i s i r o n black i n colour, has a brownish s t r e a k and a 
hardness of 4.5 with an S.G. of 3.71, but i t a l s o occurs as s o f t coat-
ings of a chocolate brown colour. I t has a smooth conchoidal f r a c t u r e 
with a d u l l l u s t r e . No data on the cry s t a l l o g r a p h y i s a v a i l a b l e . 
Chemical Composition 
From the r a t i o s of the a n a l y s i s Frondel (1953) gives the formula 
as (ZnMn 2) 2Mn 5 40 1 24H 20 with Zn : Mn = 1.54 : 1 which d i f f e r s from t h a t 
of todorokite and i s a l s o quite d i f f e r e n t from hydrated z i n c manganese 
oxides prepared by Feitk n e c h t and Marti (1945) and Wadsley (1950a 1950b). 
Pyrochroite 
H i s t o r y and Nomenclature 
Pyrochroite was f i r s t recognised a t Pajsberg, P h i l i p s t a d , Sweden, 
the name being derived from the Greek f i r e and colour terms which are 
a l l u d i n g to i t s change of colour on heating. 
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P h y s i c a l P r o p e r t i e s 
Pyrochroite occurs as ta b u l a r c r y s t a l s , i n f o l i a t e d masses and as 
t h i n v e i n l e t s . I n colour pyrochroite i s a b l u i s h grey -when f r e s h but on 
exposure to a i r becomes a brownish black. 
Crystallography 
Pyrochroite belongs to the scalenohedral c l a s s of the hexagonal 
system 3 2/m. The u n i t c e l l s i z e i s a - 3.34, c = 4.68, a : c :: 1 : * * ' o o o o 
1.401. 
Chemical Composition 
Pyrochroite has the general formula Mn(OH) , having a t h e o r e t i c a l com-
p o s i t i o n of 79.65$ MnO and 20.35^ H^O. Analyses i n d i c a t e however t h a t 
magnesium, z i n c and i r o n may s u b s t i t u t e f o r the b i v a l e n t manganese. 
Occurrence 
Pyrochroite i s p r i n c i p a l l y a low temperature hydrothermal mineral 
i n the Swedish occurrences. I n the United S t a t e s a t F r a n k l i n Furnace i t 
occurs i n secondary hydrothermal v e i n l e t s c u t t i n g f r a n k l i n i t e ore. 
A l t e r a t i o n 
Dana reports t h a t pyrochroite r e a d i l y o x i d i s e s to a manganic com-
pound, a l s o to manganite. 
Manganite 
H i s t o r y 
The name manganite a l l u d e s to the Greek "non-profitable" as i t 
was of l i t t l e value f o r bleaching purposes. 
P h y s i c a l P r o p e r t i e s 
Manganite frequently occurs as s i n g l e columnar c r y s t a l s . I n colour 
T 
i t i s dark s t e e l grey with a m e t a l l i c l u s t r e and S.G. of 4.33 - 0.01. I t 
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d i s p l a y s a p e r f e c t (010) cleavage and l e s s p e r f e c t (110) and (001) 
cleavages. 
I n polished s e c t i o n i t i s a grey white colour and d i s p l a y s strong 
anisotropism and weak pleochroism. 
Crystallography 
Manganite i s monoclinic - 2/m (pseudo-orthorhombic) - Buerger (1936) 
however Palache & Berman (1940) consider i t to be orthorhombic. 
a • 8.86, b = 5.24, c = 5.70 . o ' o o 
Chemical Composition 
Manganite i s a b a s i c oxide of manganese MnO(OH) with a t h e o r e t i c a l 
composition of 80.66$ MnO, 9.12$ 0 and 10.22$ HO. Actual a n a l y s i s of 
m a t e r i a l from I l f e l d and Langban give minor amounts of Fe, A l , Ba, Pb, Cu, 
Ca, Na and K* 
Occurrence 
1. As a low temperature hydro thermal v e i n mineral ( I l f e l d ) . 
2. Replacement or sedimentary minerals p r e c i p i t a t e d from 
meteoric waters. 
3. I n r e s i d u a l c l a y s . 
4. Oc c a s i o n a l l y as a hot s p r i n g deposit. 
A l t e r a t i o n 
Manganite has been recognised as an a l t e r a t i o n product of pyroch-
r o i t e and rhodochrosite and i t s e l f i t i s frequently a l t e r e d to p y r o l u s i t e 
and more r a r e l y to psilomelane, braunite and hausmannite (Dana)* 
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Psilomelane 
H i s t o r y and Nomenclature 
Psilomelane was f i r r t described by Haidinger i n 1831 as a hydrated 
oxide containing manganese and barium. Since then however the name has 
been applied to almost any massive s u b - c r y s t a l l i n e manganiferous ore 
devoid of d i s t i n g u i s h i n g petrographic f e a t u r e s . Ramsdell (1932) i n an 
X-ray study of so c a l l e d psilomelanes applied the name 'true psolimelane' 
to a barium poor v a r i e t y which was subsequently c a l l e d cryptomelane by 
F l e i s c h e r and Richmond (1943). Psilomelane, then, i s a d i s t i n c t mineral 
s p e c i e s , occurring i n a number of t e x t u r a l forms: 
(1) Most frequently as bot r y o i d a l masses, i n some cases c o n s i s t -
ing of concentric l a y e r s * 
(2) I r r e g u l a r or c e l l u l a r masses. 
(3) Rarely as long p r i s m a t i c c r y s t a l s , resembling p y r o l u s i t e * 
Edwards (1936), Orcel and P a v l o v i t c h (1931), and Short (1948) have 
described 'psilomelanes' which do not conform to the p r e c i s e d e f i n i t i o n 
so w i l l not be considered f u r t h e r * 
Chemical Composition 
The e a r l i e r analyses must be regarded with caution because of the 
p o s s i b i l i t y of inhomogeneous m a t e r i a l or even wrong i d e n t i f i c a t i o n . Vaux 
(1937) gave the general formula ^ ^ S ^ I S * 2 ^ 0 v n e r e R " b i v a l e n t barium 
and manganese. P l e i s c h e r and Richmond (1943) give the general formula as 
BaR 0 .2H 0 , R being mainly t e t r a v a l e n t manganese and a l s o b i v a l e n t 9 io & 
cobalt and manganese, while Ramdohr (1956) gives a f u r t h e r v a r i a n t 
BaAhAin 4 0,_(0H.). The e s s e n t i a l feature of the composition i s that water o lb 4 
i s e s s e n t i a l i n c o n t r a s t to h o l l a n d i t e where i t i s n o n - e s s e n t i a l . 
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Groutite 
H i s t o r y and Nomenclature 
G r o u t i t e , a member of the diaspore-goethite group, was f i r s t 
d escribed by Gruner (1947). The o r i g i n a l m a t e r i a l came from the Cuyuna 
range of Minnesota where i t occurs as wedge or lens shaped c r y s t a l s 
with rounded and curved f a c e s . 
P h y s i c a l P r o p e r t i e s 
Cleavage occurs p a r a l l e l to (010) and (100), the former being per-
f e c t and y i e l d i n g b r i l l i a n t r e f l e c t i o n s . The mineral i s j e t black i n 
colour and has a b r i l l i a n t s ub-metallic to adamantine l u s t r e . I t s hard-
ness seems to be s l i g h t l y l e s s than t h a t of manganite, but i t s s t r e a k 
(dark brown) and b r i t t l e n e s s appear to be the same. Gruner reports the 
s p e c i f i c g r a v i t y as being 4.144, r e c a l c u l a t e d to 4°C. whereas the theor-
e t i c a l d e n s i t y based on the s i z e of the u n i t c e l l i s 4.172. Groutite 
shows a very strong pleochroism i n white l i g h t , a means of d i s t i n g u i s h i n g 
i t from the weakly a n i s o t r o p i c manganite. Groutite i s i n f u s i b l e and 
l o s e s water on heating i n a i r a t temperatures above 200°C but prolonged 
heating i n a i r does not a f f e c t i t . 
Crystallography 
Powder and r o t a t i o n photographs of g r o u t i t e r e v e a l such a c l o s e 
s i m i l a r i t y between t h i s mineral and diaspore and even more c l o s e l y to 
t h a t of goethite t h a t a l l three must be i s o s t r u c t u r a l . The s i z e of the 
u n i t c e l l i s a = 4.56 , b = 10.70 , c = 2.85 . The height of the u n i t 
o o o 
c e l l i s 2.85 or twice t h i s v a l u e , which i s the same as t h a t of p y r o l u s i t e , 
Ba-psilomelane, cryptomelane and manganite ( i n the l a t t e r 5.70/2). While 
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those minerals have h a b i t s of elongation p a r a l l e l to (001) g r o u t i t e 
c r y s t a l s are very short i n t h i s d i r e c t i o n . 
Chemical Composition 
The a c t u a l composition as determined by Gruner approximates c l o s e l y 
to the t h e o r e t i c a l composition of 80.06$ MnO, 9.10$ 0 and 10.24$ HgO. 
Occurrence 
Groutite -was f i r s t described from the Cuyuna range of Minnesota 
where i t occurs i n vughs a s s o c i a t e d with manganite. The only other miner-
a l s a s s o c i a t e d with g r o u t i t e are c o l o u r l e s s quartz, hematite and goet h i t e . 
I n some cases a t h i n coating of c a l c i t e may be found on some specimens. 
F r a n k l i n i t e 
H i s t o r y and Nomenclature 
F r a n k l i n i t e was f i r s t recognised a t F r a n k l i n Furnace, N.J., by 
B e r t h i e r (1819), the mineral then being named a f t e r the type l o c a l i t y 
which i n turn was named a f t e r Benjamin F r a n k l i n . 
P h y s i c a l P r o p e r t i e s 
F r a n k l i n i t e i s black i n colour and has a black s t r e a k . I t occurs 
i n octahedra and p a r t i n g occurs on ( i l l ) . I t has a m e t a l l i c l u s t r e . 
Crystallography 
F r a n k l i n i t e belongs to the hexoctahedral c l a s s of the iso m e t r i c 
system 4/m . 3 • 2/m. The u n i t c e l l has a Q = 8.46A. 
Chemical Composition 
F r a n k l i n i t e i s a member of the magnetite s e r i e s with the general 
formula A B g 0 4 where A i s Mg ( m a g n e s i o f e r r i t e ) , Fe (magnetite), Zn 
( f r a n k l i n i t e ) , Mn ( j a c o b s i t e ) and Ni ( t r e v o r i t e ) , and B i s p r i n c i p a l l y 
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Fe -with A l , Cr, Mn and V s u b s t i t u t i n g f o r the Fe to a s l i g h t extent. 
Dana records that the n a t u r a l s p i n e l s do not show a wide v a r i a t i o n i n 
the B p a r t of the formula, and the A : B r a t i o i s normally 1 t 2. 
Analyses of f r a n k l i n i t e have 9 - 16% MnO, 7 - 23% ZnO, 66% ^2°39 
and 15% Mno0 
Occurrence 
F r a n k l i n i t e i s the dominant mineral of the ore a t F r a n k l i n Furnace. 
I t i s here a s s o c i a t e d with z i n c i t e , w i l l e m i t e , rhodonite and te p h r o i t e i n 
beds of c r y s t a l l i n e limestone. 
J a c o b s i t e 
H i s t o r y and Nomenclature 
J a c o b s i t e was named a f t e r the o r i g i n a l l o c a l i t y a t Jakobsberg, 
Sweden. 
P h y s i c a l P r o p e r t i e s 
J a c o b s i t e i s i s o m e t r i c , i n a few cases however i t may d i s p l a y a 
s l i g h t anisotropism, due p o s s i b l y as suggested by Dunn 0936) to some 
s l i g h t change i n pressure. The mineral i s pale grey i n colour with an 
o l i v e t i n t , i n a d d i t i o n a s l i g h t l y darker brown v a r i e t y has been recog-
n i s e d by Dunn (1936) i n a mineral from Beldongri, I n d i a . This darker 
v a r i e t y occurs only a s s o c i a t e d with hematite and Dunn considers t h i s 
to be the purer form. I n some cases j a c o b s i t e may d i s p l a y a deep red 
i n t e r n a l r e f l e c t i o n . J a c o b s i t e p o l i s h e s w e l l and gives a good s u r f a c e . 
R e l a t i v e to magnetite i t i s d i s t i n c t l y yellow, to braunite i t i s o l i v e 
green or has a y e l l o w i s h tinge (braunite does not show an o l i v e t i n t ) , 
to hausmannite i t appears l e s s grey, and to b i x b y i t e i t i s o l i v e grey 
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(Uytenbogaardt 1951). I t i s quoted as having a hardness of 'F* on 
Talmage's s c a l e . 
C r y stallography 
Johansson gives a Q as 8.42 -while McAndrew gives the value of 
8.505A* . Ramdohr quotes the value as being 8.49#. 
McAndrew (1952) determined the c e l l edge of the j a c o b s i t e from 
Weabonga, N.S.W., described by S t i l l w e l l and Edwards (1951). He d i s -
cusses the causes of the variance i n the a Q values given by v a r i o u s 
authors. Johansson (1928) and Wickman (1947) on m a t e r i a l from Jacobs-
berg give the a Q value as being 8.44 while the a^ values of MnFegO^ 
( a r t i f i c i a l ) vary from 8.48 - 8.59^, as shown below. 
8.505 + 0.0005A McAndrew 
8.442 + 0.002A Clarke, A l l y & Badger ( l 9 3 l ) 
or 8.474 
8.482 + 0.004A c a l c . from Mason (1943) 
8.532 + 0.005A Pa s s e r i n i (1930) 
8.589 + 0.002A Holgerson (1927) 
McAndrew i n a d i s c u s s i o n of the m e r i t s of these s e v e r a l values c r i t i c -
i s e s Mason's value as i t was c a l c u l a t e d by i n t e r p o l a t i o n between measure-
ments on a r t i f i c i a l preparations with Mn : Fe r a t i o s of 30 : 60 and 20 : 
70. He considers t h a t the values of Holgerson and P a s s e r i n i may not be 
as p r e c i s e as claimed as a t the time these measurements were made the 
nature of the systematic e r r o r s was not f u l l y appreciated. C l a r k e , A l l y 
and Badger obtained t h e i r value im the range of 6 = 6 - 2 5 a . The v a l u e s of 
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a_ between 8.48 and 8. remain unaccounted for i n t h i s way and there 
appear to be two p o s s i b i l i t i e s : (a) a v a r i a t i o n i n the composition as 
known for some s p i n e l s , by the presence of oxygen i n excess of the 
stoichiometric formula requirements, or (b) a v a r i a t i o n i n the arrangement 
of cations i n the atomic structure, which i s also well known f o r members 
of the spinel group. McAndrew concludes that a values for a r t i f i c i a l 
o 
MnFegO^ cannot be taken as representative of spinels u n t i l the cation : 
oxygen r a t i o i s shown to be 3 : 4. A var i a t i o n i n the a^ values may 
be due to the formation of defect structures by varying the oxygen 
content i n excess of formula requirements. A va r i a t i o n i n the cation 
arrangement offers a second explanation for the var i a t i o n s i n a^ values. 
These doubts do not apply to the Weabonga jacobsite so the a Q value of 
t h i s specimen i s preferred on t h i s account. 
Chemical Analyses 
Jacobsite i n India occurs i n the mixture known as vredenburgite, 
(an ex-solution texture consisting of lamellae of hausmannite ex-solved 
along the octahedral directions of the j a c o b s i t e ) . Fermor (1909) obtained 
analyses of two vredenburgites from two type l o c a l i t i e s , G a r i v i d i , 
Vizagapatum; and Beldongri in the Central Provinces. The analyses are 
very s i m i l a r and from them Fermor calculated the formula 3Mng0^.2Feg0g. 
Karracioi)!|fe3i)and Schneiderhohn determined "vredenburgite 1 1 from the Kodur 
manganese mine, Vizagapatum, to be a mixture of jacobsite MnO(FeMn)gQsand 
hausmannite Fe^^-MnaQt.The Beldongri material of Fermor i s a complex 
mixture of ja c o b s i t e , hausmannite, braunite, pyrolusite, psilomelane with 
quartz, but the jacobsite and hausmannite does not always show the texture 
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so t y p i c a l of the Vizagapatum vredenburgite. 
Dona (1936) gives the analyses of two jacobsites from Beldongri 
where i t i s associated with hematite and i s not associated with 
hausmannite: 
Beldongri 
a b 
Jakobsberg Weabonga MnO.Fe2< 
P e2°3 57.31 51.09 68.25 69.7 69.24 
Mn 20 3 8.08 16.37 4.03 
MDO 31.12 26.85 20.72 30.2 30.76 
MgO 0.12 0.59 6.41 0.1 
CaO 0.17 0.30 
S i 0 2 0.10 0.27 
Hematite 2.00 2.00 
Psilomelane 0.31 1.81 
A 12°3 0.35 1.03 
T i 0 2 0.17 0.30 
99.56 100.52 99.41 100. 100. 
Dunn discusses the snags of the method employed for the determinations 
and favours the formula Mn0(FeMn)g0g with a larger percentage of Mng0g 
in specimen (b) than i s present i n the M n 2 ° 3 c o n d i t i o n a n d accounting for 
the difference i n colour of the two specimens. 
Mason (1943) made an extremely valuable contribution to an under-
standing of the binary system FegO^-fW^The two end members magnetite and 
hausmannite have cubic and tetragonal l a t t i c e s r e s p e c t i v e l y . Mason 
prepared a s e r i e s of samples covering a l l compositions between Fe«0 4 and 
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MiigO^ and a l l the products were shown to c o n s i s t of one phase only at 
1200°C. Mason found the l a t t i c e dimensions to in c r e a s e with i n c r e a s -
ing Mn3<>4 up to 60 - 65% M n3°4» A t t n i s P o i B t the cubic l a t t i c e becomes 
deformed into a tetragonal l a t t i c e ; i t appears to be a continuous t r a n s -
i t i o n . An area of i m m i s c i b i l i t y e x i s t s from 54 - 9If* Mng0^, the a r e a 
representing the exsolving of hausmannite along the octahedral d i r e c t -
ions of j a c o b s i t e . The upper l i m i t of the j a c o b s i t e f i e l d then i s 
d i c t a t e d by the lower l i m i t of the area of i m m i s c i b i l i t y i . e . 54$ Mn^O^. 
The question a r i s e s , i s j a c o b s i t e an i n d i v i d u a l mineral s p e c i e s or j u s t 
a point on the s o l i d s o l u t i o n s e r i e s . None of the published data c o r r e s -
pond to the t h e o r e t i c a l composition of MnFe.O. (see S t i l l w e l l and Edwards 
1951). There are no s t r u c t u r a l grounds f o r separating magnetite and 
j a c o b s i t e so that any boundary drawn between the two minerals must be an 
a r b i t r a r y one. Mason proposes the boundary to be a t a point h a l f way 
between Fe„0^ and Mn0Fe r t0 o or 16.7$ Mn 0 . 
3 4 2 3 3 4 
St i l l w e 1 1 and Edwards (1951) desc r i b e a j a c o b s i t e c l o s e l y c o r r e s -
ponding to the t h e o r e t i c a l composition from Weabonga, N.S.W., where i t 
occurs i n a l t e r e d sediments a s s o c i a t e d with p y r o l u s i t e and psilomelane. 
The Weabonga j a c o b s i t e l i k e t h a t from Nordmark corresponds to the theor-
e t i c a l MnFe^O^ and i t contains notably l e s s magnesium than the j a c o b s i t e 
from Jakobsberg, the type l o c a l i t y . I t resembles the Indian v a r i e t y i n 
t h i s respect but d i f f e r s i n t h a t i t contains more i r o n and l e s s manganese. 
Occurrence 
J a c o b s i t e i s a very r a r e mineral form, normally a s s o c i a t e d with high 
grade metamorphism but i n a d d i t i o n has been recorded i n a l t e r e d sediments 
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a s s o c i a t e d with p y r o l u s i t e and psilomelane, S t i l l w e 1 1 and Edwards ( l 9 5 l ) . 
Vredenburgite 
H i s t o r y and Nomenclature 
The mineral vredenburgite was f i r s t recognised s e n s u - s t r i c t o by 
Mason (1943) however the name -was f i r s t a pplied to d e s c r i b e an Indian 
occurrence by Fermor (1908). Pernor considered the mineral to be ZMBL^O^. 
2Fe g0 . Independently of one another Or eel and P a v l o v i t c h , and Schneider-
hohn and Ramdohr i n 1931 shoved t h i s mineral to be an intergrowth of 
hausmannite exsolved along the octahedral d i r e c t i o n s of j a c o b s i t e . 
F l i n k (1885) described manganomagnetite l a t e r recognised as an 
intergrowth of j a c o b s i t e and hausmannite. On grounds of precedence t h i s 
t e x ture should then be known as manganomagnetite and not as vredenburgite, 
Johannson (1928) analysed m a t e r i a l from Jakobsberg and recognised i t 
as two minerals hausmannite and a s p i n e l , t h i s same m a t e r i a l was recognised 
as vredenburgite by Schneiderhohn and Ramdohr (1931). 
I y e r (1935 and 1936) reports the analyses of some of the Indian 
vredenburgite m a t e r i a l but these are u n r e l i a b l e as he took no account of 
the i m p u r i t i e s . Deb (1939) i n a powder photograph study of the Indian mat-
e r i a l recognised j a c o b s i t e as being the main mineral but f a i l e d to recognise 
hausmannite because of i t having been replaced by p y r o l u s i t e and psilome-
lane. 
Mason (1943) i n a study of the system ?e^0^ - M B q 0 4 described a two 
phase zone from 54$ - 91% Mu^O^. and t h a t the two components of the vreden-
burgite represent the two f r a c t i o n s from t h i s zone, (see F i g # 2 ) . That 
they r e p r e s e n t a s t a b l e s t a t e i s suggested by the f a c t t h a t they a l l have 
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the same composition. This region of i m m i s c i b i l i t y decreases with 
i n c r e a s i n g temperature and does not e x i s t above 1100°C as n a t u r a l 
vredenburgites may be made homogeneous on heating to 110G°C. 
Mason (1943) recognised homogeneous vredenburgite from Langban and 
suggested i t be designated ©c vredenburgite in contrast to the dissociated 
v a r i e t y jS vredenburgite. S i m i l a r m a t e r i a l was discovered by Aminoff i n 
1925 analysed by Almstrom and shown to have formula (MnFe)gO^ but pow-
der photographs could not be i n t e r p r e t e d as being of any known mineral 
so the matter was l e f t i n abeyance. On comparison with powder patterns 
of Mason's s y n t h e t i c preparations t h i s mineral was seen to be t e t r a g -
onal, l i k e hausmannite but with a smaller a x i a l r a t i o . I t s composition 
f e l l w i t h i n the two phase region. Normally one would have expected i t 
to have been the jacobsite-hausmannite intergrowth but i n t h i s case the 
d i s s o c i a t i o n had not taken place. Most specimens occur as pseudmorphs 
a f t e r b i x b y i t e and Mason considers t h a t t h i s true vredenburgite has been 
formed by the gentle reduction of b i x b y i t e a t comparitively low tempera-
t u r e s and although metastable a t ordinary temperatures no i n v e r s i o n has 
taken p l a c e . 
P h y s i c a l P r o p e r t i e s 
oc Vredenburgite has a black s t r e a k and colour, and i t s r e f l e c t i v -
i t y i s s i m i l a r to t h a t of braunite and bixbyite. I n polished s e c t i o n i t 
has a grey colour although not quite as grey as braunite and b i x b y i t e i s 
more y e l l o w i s h e s p e c i a l l y i n o i l immersion. I n o i l immersion i t d i s p l a y s 
a s l i g h t pleochroism i n shades of grey, t h i s property together with anisotropy 
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increase with increasing manganese content* I n r e l a t i o n to magnetite 
and jacobsite i t i s weakly ferromagnetic w h i l s t hausmannite i s paramag-
n e t i c , the magnetic s u s c e p t i b i l i t y being a function of the Feg0 4 content 
Crystallography 
Mason (1943) reports that the specimens examined gave variable 
l a t t i c e dimensions due to variations i n composition, four representative 
samples are as below: 
Specimen a c c/a f> M n ^ + Zf> 
1 8.38 8.81 1.051 65 
2 8.35 8.85 1.059 67 
3 8.26 9.07 1.0o9 75 
4 8.25 9.09 1.102 76 
The MngO^ contents are derived from the graph of the v a r i a t i o n of 
the l a t t i c e parameters with composition, and as can be seen a l l f a l l i n 
the two phase area of the Fe^O^ - MII^O^ system. 
Chemical Composition 
The an a l y s i s of the material studied by Aminof f and analysed by 
Almstrom was, a f t e r correction for impurities, as follows: 
Mol. Propn. 
P e 2 0 3 33.11 0.2074 
T i 0 2 2.01 0.0251 
A1 20 3 0.83 
MnO 56.50 0.7966 
MgO 0.85 0.0211 
K 20 0.20 
0 3.13 0.1956 
H 2 ° 0.77 
Total 97.40 
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The r a t i o of metal to oxygen i s 2.98:4.00 which i f considered as 
e n t i r e l y manganese and i r o n the a n a l y s i s corresponds to 65.8^Mn^0^ and 
34. 2# F e g 0 4 . 
Hausmannite 
History and Nomenclature 
Hausniannite, named a f t e r J.F.L.Hausmann (1782 - 1859), one time 
Professor of Mineralogy a t the U n i v e r s i t y of Gottingen, was f i r s t d e s c r -
ibed i n 1789. 
P h y s i c a l P r o p e r t i e s 
Hausmannite has a brownish black colour, a d i s t i n c t l y brown s t r e a k 
and a sub-metallic l u s t r e . I t has a p e r f e c t (001) cleavage with imper-
f e c t (112) and ( O i l ) cleavages. C r y s t a l s may occur as pseudo-octahedra 
otherwise i t occurs massive. I n polished s e c t i o n hausmannite shows r e f l e -
c t i o n pleochroism, the ordinary ray being grey with a f a i n t b l u i s h t i n t 
and the extraordinary ray being dark brownish grey. I t shows strong a n i s -
otropism i n a v a r i e t y of colours, yellows, brown, l i g h t grey or b l u i s h 
greys. Most s e c t i o n s show l a m e l l a r twinning but i n some cases twinning i s 
not apparent, the twins are normally i n t e r s e c t i n g and of unequal width. 
The melting point i s given by WaHenburg (1932) as 1560°C, t h i s value 
being p r e f e r r e d to a value of 1705°C given by Wartenburg and Gurr (1931) 
which was obtained with a f a u l t y pyrometer. 
Hausmannite i s paramagnetic (cf.magnetite and j a c o b s i t e ) and the 
magnetic p r o p e r t i e s vary only s l i g h t l y with the F © g 0 4 content. The S.G. 
c a l c u l a t e d from X-ray data i s 4.84, but measured values range from 4.72 -
4.91, the higher values are specimens with high ZnO contents. 
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Crystallography 
Hausmannite belongs to the d i t e t r a g o n a l dipyramidal c l a s s of the 
tetragonal system 4/m 2/m 2/m with a : c - 1 t 1.6364* The u n i t c e l l 
s i z e s are a = 5.75 , c 9.42 , and c / a = 1.638. o o 0' o 
Chemical Composition 
Hausmannite fr e q u e n t l y occurs as p r a c t i c a l l y pure Ifak^Q^ with only 
s l i g h t replacement of manganese by other elements. I r o n may be present 
i n small amounts 5.75$ Fe 0 i n a specimen from Jakobsberg (Gorgeu 1903) 
and 6.91$ i n specimens from Langban (Mason 1943). the l a t t e r w r i t e r con-
s i d e r i n g t h a t t h i s amount approached the l i m i t of replacement a t ordinary 
temperatures. Gorgeu (1893) reported small amounts of magnesium and up 
to 8.6$ ZnO i n specimens from Ilmenau, these l a t t e r hausmannites probably 
being intermediates between hausmannite and h e t a e r o l i t e (ZnMn^O^). 
The t h e o r e t i c a l extent of the hausmannite f i e l d i n the hausmannite-
magnetite system i s from 100$ l&n^O^ to 91$ Mn^O^, the upper l i m i t of the 
•Vredenburgite M two phase region, but as noted e a r l i e r the mineral norm-
a l l y occurs as p r a c t i c a l l y pure Mn^O^, due. Mason (1943) suggests, to a 
la c k of a v a i l a b l e f o r e i g n m a t e r i a l r a t h e r than to i n a b i l i t y to accommodate 
fo r e i g n elements. Such a suggestion i s borne out by the occurrence of 
i r o n - " r i c h " ( 6.91$ Fe Q j hausmannite a t L angban adjacent to i r o n ore 
bodies. 
Occurrence 
Hausmannite i s c h a r a c t e r i s t i c a l l y a high temperature mineral occur-
r i n g as 
(a) Hydrothermal v e i n s . 
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(b) Contact metamorphic mineral. 
( c ) R e c r y s t a l l i s a t i o n product i n metamorphosed sedimentary or 
r e s i d u a l manganese ores. 
(d) Deposits formed from meteoric waters. 
A l t e r a t i o n 
Hausmannite has been observed pseudomorphing c a l c i t e and manganite 
and a l s o i t s e l f replaced by "wad". 
Hyd ro hausmanni t e 
H i s t o r y and Nomenclature 
The existence of a s y n t h e t i c , v a r i a b l y hydrated oxide of manganese 
equivalent to hausmannite has been r e f e r r e d to by Boldyrev (1934), Dubois 
(1934), and Feitknecht and M a r t i (1945). Frondel (1953) d e s c r i b e s n a t u r -
a l l y o ccurring hydrohausmannite from Langban, Pajsberg i n Sweden, and 
F r a n k l i n , New J e r s e y , where i t occurs as an a l t e r a t i o n product of pyroch-
r o i t e Mn(0H)g. I t i s i d e n t i c a l with backstromite Aminoff (1919). 
P h y s i c a l P r o p e r t i e s 
Hydrohausmannite i s i r o n black to brownish black i n colour and 
gives a brown powder. I t gives a d i s t i n c t water t e s t i n a closed tube. 
Frequently a l a m e l l a r p a r t i n g i s evident, derived from the cleavage of 
the o r i g i n a l pyrochroite. Neither S.G. nor hardness v a l u e s are quoted 
because of the f r a g i l e and porous nature of the pseudomorphs, a l s o o p t i -
c a l measurements are not given because of the small p a r t i c l e s i z e . The 
mineral i s u n i a x i a l negative with i n d i c e s of r e f r a c t i o n much lower than 
those of hausmannite. I t has a strong absorption i n brown, with E > 0 
and negative elongation. At 500°C the e x t r a l i n e i n the powder pa t t e r n 
becomes very weak and hausmannite forms. 
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Crystallography 
The X-ray data given by Prondel (1953) d i f f e r s only from the haus-
mannite pattern i n the presence of a strong l i n e a t 4.65?. The l a t t i c e 
parameters are a • 5.79 and c =9.49 . 
o o 
Chemical Composition 
Chemically hydrohausmannite i s a v a r i a b l y hydrated oxide of b i v a l e n t 
and t r i v a l e n t manganese based on the hausmannite s t r u c t u r e MnMn^O^ i n 
which v a r i a t i o n i n the r a t i o of b i v a l e n t to t r i v a l e n t manganese i s com-
pensated by a concomitant s u b s t i t u t i o n of hydroxyl f o r oxygen. The r a t i o 
of Mn0 : Mn i n s y n t h e t i c hydrohausmannite extends on both s i d e s of the 
hausmannite r a t i o MnQ t Mn - 1 : 2 but the water content i s not known 
a c c u r a t e l y . The u n i t c e l l contents of hydrohausmannite from Langban 
c a l c u l a t e d from the a n a l y s i s of b a c k s t r o n i t e (Aminoff 1919) using the S.G. 
4.84 of hausmannite are represented by a value of x - 1.155 i n the formula. 
This formula cannot be regarded as h i g h l y accurate as there i s a 
lar g e a n a l y t i c a l excess of H^ O even i f the water below 130°C i s regarded 
as n o n - e s s e n t i a l . 
CaO 0.14 
PbO 0.04 
MgO 1 #68 
MnO 11.59 
Mn20 77.80 
F e 2 ° 3 ° - 1 4 
S b 2 ° 3 ° * 0 7 
H 20 * 130 5.16 
HgO - 130 3.24 
Occurrence 
Primary hydrohausmannite from F r a n k l i n , New J e r s e y , occurs as bundles 
and f a n - l i k e groupings of t i n y dark brown needles l i n i n g s o l u t i o n c a v i t i e s 
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a few m i l l i m e t r e s wide i n a matrix of c a l c i t e , s u s s e x i t e and z i n c i t e . 
H e t a e r o l i t e 
H i s t o r y and Nomenclature 
The name h e t a e r o l i t e was o r i g i n a l l y given by Moore (1877) to a 
massive mineral a t S t e r l i n g H i l l , New J e r s e y . Moore gave the formula 
as ZnMngO^, analogous to hausmannite, MnMn^O^, but did not give h i s 
a n a l y s i s f i g u r e s or more d e t a i l e d p r o p e r t i e s of the mineral. I n 1910, 
Falache reported an a n a l y s i s made by S c h a l l e r i n 1906 of a fibr o u s mat-
e r i a l from S t e r l i n g H i l l t h a t was thought to be the same as the o r i g i n a l 
m a t e r i a l of Moore. The water reported i n the a n a l y s i s was thought to be 
due to admixed chalcophanite and the o r i g i n a l formula ZnMn^O^ was accep-
ted. Bradley and Ford (1913) described a f i b r o u s mineral o c c u r r i n g with 
^ —— 
chalcophanite i n the Wolftone mine, L e a d v i l l e , Colorado. The a n a l y s i s 
gave the formula Z n 2 M n 4 ° 8 , H 2 ° a f t e r t n e deduction of 10$ hemimorphite 
which was supposed to be present to account f o r the SiO reported. The 
name h e t a e r o l i t e was re t a i n e d by these w r i t e r s on the b e l i e f t h a t the 
o r i g i n a l h e t a e r o l i t e of Moore was not anhydrous but contained a l i t t l e 
water, as Moore s t a t e d t h a t h i s mineral y i e l d e d a l i t t l e water i n the 
closed tube. These w r i t e r s a l s o considered t h a t the water i n S c h a l l e r ' s 
a n a l y s i s (Palache 1910) was e s s e n t i a l and not due to admixed chalcophan-
i t e . Palmer i n a r e - a n a l y s i s of the L e a d v i l l e m a t e r i a l (Wells 1937) 
found about 4$ water. 
Palache (1928) described a mineral found as pyramidal c r y s t a l s i n 
the unoxidised ore a t S t e r l i n g H i l l and F r a n k l i n , New J e r s e y . On analy-
s i s by Bauer t h i s m a t e r i a l was found to be anhydrous (ZnMn90 ) . Gonio-
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metric measurements proved t h a t the mineral was tetragonal and morph-
o l o g i c a l l y r e l a t e d to hausmannite. Palache proposed t h a t the name 
h e t a e r o l i t e be used f o r the anhydrous mineral, analogous to hausmannite. 
On t h i s b a s i s the o r i g i n a l m a t e r i a l described by Moore, S c h a l l e r and 
Ford and Bradley should be c l a s s e d as h y d r o - h e t a e r o l i t e , Frondel and 
Heinr i c h (1942) however showed t h a t t h i s o r i g i n a l m a t e r i a l of Moore was 
i n f a c t h e t a e r o l i t e . 
X-ray powder photographs of Moore's o r i g i n a l m a t e r i a l and t h a t of 
Palache and Bauer were found to be i d e n t i c a l . A Weissenberg X-ray exam-
i n a t i o n was made of a measured c r y s t a l of h e t a e r o l i t e and the data obtain-
ed completely confirm the i s o s t r u c t u r a l r e l a t i o n s h i p with hausmannite. 
P h y s i c a l P r o p e r t i e s 
H e t a e r o l i t e i s a black colour, has a dark brown s t r e a k , and poss-
esses an i n d i s t i n c t (001) cleavage. Two f u r t h e r cleavages have been 
observed on crushed g r a i n s corresponding to the ( O i l ) and (112) cleavage 
of hausmannite (Frondel and H e i n r i c h 1942). 
The S.G. quoted by Moore was 4.85 but Frondel and H e i n r i c h (1942) 
using a micro-balance give a value of 5.18. 
Crystallography 
H e t a e r o l i t e belongs to the d i t e t r a g o n a l dipyramidal c l a s s of the 
tetragonal system 4/m 2/m 2/m. 
The c e l l dimensions given by Frondel and H e i n r i c h (1942) are 
a - 5.74 , c s 9.15 , and a : c = 1 : 1.594. 
o 7 o ' o o 
Chemical Composition 
H e t a e r o l i t e i s an oxide of z i n c and manganese, i s o s t r u c t u r a l with 
- 50 -
hausmannite• Analyses of Bauer and Palache (1928) i n d i c a t e t h a t a small 
amount of b i v a l e n t manganese s u b s t i t u t e s f o r z i n c i n r e l a t i o n to the theo-
r e t i c a l composition of ZnMn^O^. 
Hydrohetaerolite 
H i s t o r y and Nomenclature 
Palache (1928) discovered an anhydrous ZnMn^O^ f o r lrhich he proposed 
the name h e t a e r o l i t e and f o r m a t e r i a l h i t h e r t o c a l l e d h e t a e r o l i t e he pro-
posed the name hydro-hetaerolite. Hydro-hetaerolite then i s hydrous 
ZnMn^O^. Hydro-hetaerolite was described f i r s t i n 1877 by Moore from the 
S t e r l i n g H i l l area of New J e r s e y , l a t e r by Palache (1910) on an a n a l y s i s 
by S c h a l l e r , and again i n 1913 by Ford and Bradley on m a t e r i a l from the 
L e a d v i l l e area of Colorado. As s t a t e d above t h i s m a t e r i a l was a l l d e s i g -
nated h e t a e r o l i t e and i t -was not u n t i l Palache described an anhydrous form 
all 
i n 1928 t h a t i t was A recognised as being hydro-he taero l i t e , e x c e p t the. ma+e^ 
P h y s i c a l P r o p e r t i e s 
Hydro-hetaerolite i s dark brown i n colour with a dark brown s t r e a k . 
I t occurs massive or i n f i b r o u s c r u s t s with a b o t r y o i d a l s u r f a c e with 
f i b r e s elongated ( O i l ) . Larsen reports the f i b r e s to have p o s i t i v e elong-
a t i o n , a feature confirmed by Frondel and H e i n r i c h . These l a t t e r authors 
observed s i x to eight cleavage faces a t what appear to be random o r i e n t a -
t i o n , probably due to an intergrowth. One s e t of p a r a l l e l f a c e s occur on 
most f i b r e s and most f i b r e s i f not markedly composite give a more or l e s s 
p e r f e c t u n i a x i a l o p t i c a x i s f i g u r e . The o p t i c a l data i n d i c a t e t h a t the 
mineral has a t l e a s t one good cleavage i n the elongation, and t h a t the 
elongation must be perpendicular to the (001) of a t e t r a g o n a l m i n e r a l . 
The f i b r e used i n a Weissenberg X-ray study by Frondel and H e i n r i c h 
shoved a good cleavage along the f i b r e length, t h i s being i d e n t i f i e d 
as being (001) i n the tetragonal c e l l , and the d i r e c t i o n of elonga-
t i o n as already noted appears to be (110). The o p t i c a l and X-ray data 
thus are c o n s i s t e n t . 
Frondel and H e i n r i c h (1942) draw a t t e n t i o n to the c l o s e s i m i l a r i t y 
between h e t a e r o l i t e and the hydrous h y d r o - h e t a e r o l i t e . The p a r t i a l 
space group of hydro-hetaerolite (14/ad) and the cleavage are c l o s e l y 
s i m i l a r to those of h e t a e r o l i t e (14/amd). They report the colour, l u s t r e 
and hardness of the two minerals as being almost i d e n t i c a l . The s p e c i f i c 
g r a v i t y of the hydrous mineral i s given as being 4.65, low, the w r i t e r s 
f e e l , due to the f i b r o u s nature of the mineral. Hydro-hetaerolite d i f f e r s 
from h e t a e r o l i t e p r i n c i p a l l y i n i t s lower i n d i c e s of r e f r a c t i o n , i n i t s 
smaller c e l l dimensions, and i n the presence of a few per cent each of 
HgO and SiOg. 
Crystallography 
An X-ray photograph of the L e a d v i l l e mineral was indexed except f o r 
f i v e l i n e s i n terms of a body centred t e t r a g o n a l c e l l with a Q * 5.71 and 
C q * 9.04 (Fe r a d i a t i o n ) . The p a t t e r n i s very s i m i l a r to t h a t of h e t a e r -
o l i t e but r e j l a t i v e d i f f e r e n c e s i n the spacings and i n the r e l a t i v e i n t e n -
s i t i e s of some l i n e s are apparent. L i n e s appear which are not present on 
the h e t a e r o l i t e p a t t e r n , these may be due to admixtures of some other min-
e r a l (the h e t a e r o l i t e appeared homogeneous under the microscope) or due to 
a departure from the tetragonal symmetry. X-ray r o t a t i o n and Weissenberg 
photographs taken on a small f i b r e r e v e a l a plane symmetry with a two f o l d 
- 52 -
a x i s of symmetry and planes of symmetry a t 90 . The poor q u a l i t y of the 
f i l m does not re v e a l the symmetry of the mineral but i n view of the pow-
der evidence the tetragonal evidence i s accepted. 
Chemical Composition 
Hydrohetaerolite i s a hydrated oxide of z i n c and manganese of the 
probable composition ZnMn 0 H o0. S i l i c a observed i n the a n a l y s i s of mat-
e r i a l from L e a d v i l l e has been a s c r i b e d by Larsen (1921) to the s u b s t i t u -
t i o n of t r i v a l e n t manganese by s i l i c a . 
Occurrence 
Hydro-hetaerolite i s found a t L e a d v i l l e , Colorado, and a t S t e r l i n g 
H i l l , N.J., a s s o c i a t e d with chalcophanite i n oxi d i s e d ore. 
Crednerite 
H i s t o r y and Nomenclature 
Crednerite was f i r s t described from F r i e d r i c h r o d a , Thuringia, by 
Credner i n 1847, and named cr e d n e r i t e by Rammelsberg (1849) a f t e r C.F. 
Credner (1809 - 7 6 ) , mining g e o l o g i s t and m i n e r a l o g i s t . 
P h y s i c a l P r o p e r t i e s 
Crednerite i s i r o n black i n colour, with a black s t r e a k and has a 
br i g h t m e t a l l i c l u s t r e . I n polished s e c t i o n c r e d n e r i t e i s st r o n g l y a n i s o -
t r o p i c and high l y r e f l e c t i n g . C h a r a c t e r i s t i c a l l y c r e d n e r i t e occurs i n 
hexagonal p l a t e s , with a p e r f e c t cleavage i n the plane of the pl a t e and a 
th r e e - f o l d s e t of s t r i a e i n t e r s e c t i n g on the p l a t e a t 60° p o s s i b l y r e pre-
senting twin lamellae, Spencer & Mountain (1923). 
S.G. determinations vary from 4.95 - 5.07. 
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Crystallography 
Dana quotes the c r y s t a l l o g r a p h y as being monoclinic or pseudotetra-
gonal. 
Chemical Composition 
Crednerite i s an oxide of copper and manganese with the composition 
CuMn^C^, g i v i n g a t h e o r e t i c a l composition of 33.51$ CuO, 59.75$ MnO and 
6.74$ 0. Analyses given by Rammelsberg (1849) and Spencer & Mountain 
(1923) show small amounts of BaO, CaO and H^ O which are probably due to 
i m p u r i t i e s . 
Occurrence 
Crednerite has been recognised a t three l o c a l i t i e s (Dana) as f o l l o w s : 
(1) F r i e d r i c h r o d a , Thuringia, a s s o c i a t e d with psilomelane, hausman-
n i t e , wad e t c . 
(2) Higher P i t t s , Mendip H i l l s , a s s o c i a t e d with c e r u s s i t e and wad. 
(3) C a l i s t o g a , Napa County, C a l i f o r n i a , i n massive form. 
A l t e r a t i o n 
Crednerite has been observed to a l t e r along the cracks to malachite. 
Chalcophanite 
H i s t o r y and Nomenclature 
The name chalcophanite, derived from the Greek f o r "br a s s " and "to 
appear", a l l u d e s to the change i n colour of the mineral on heating. The 
mine r a l , a hydrated oxide of manganese (MnZn)0.2Mn0g.2Hg0, was f i r s t des-
c r i b e d from S t e r l i n g H i l l , N.J., where i t occurs as a secondary mineral 
(Moore 1875). 
P h y s i c a l P r o p e r t i e s 
Chalcophanite has the t y p i c a l colour of manganese m i n e r a l s , though 
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•with a marked bluish t i n t , has a broira streak, and a sub-metallic l u s t r e . 
I t i s d i f f i c u l t to polish, and i n polished section i t shovs a very strong 
pleochroism and anisotropism. Basal sections appear is o t r o p i c * A per-
f e c t cleavage d i r e c t i o n appears i n longitudinal sections (OOOl). 
Crystallography 
Chalcophanite occurs i n hexagonal plates with c/a - 3*527. 
Chemical Composition 
An oxide of zinc and manganese, Dana (7th Ed.) gives the general 
formula as (ZnMnFe)Mno0 . 2Ho0. Bivalent manganese substitutes f o r zinc 
to about Mn : Zn = 10 : 27 and ferrous i r o n substitutes f o r zinc to about 
Fe : Zn « 10 : 16 i n material from St e r l i n g H i l l , N.J. 
The theoretical composition i s 27.94$ ZnO, 59.69$ MnO^  and 12.37$ 
H20. 
Occurrence 
Chalcophanite i s a secondary mineral frequently associated i r i t h other 
secondary minerals of manganese and zinc. I t has been recognised as crusts 
l i n i n g vughs at St e r l i n g H i l l , N.J., and at Leadville, Colorado. 
Psilomelane - Cryptomelane - Coronadite - Hollandite 
History 
U n t i l the 1940•s the interre l a t i o n s h i p s of the four minerals psilom-
elane - cryptomelane - hollandite and coronadite -were not f u l l y understood, 
i n f a c t ' cryptomelane * as a mineral species was not recognised u n t i l 1943 -
Fleischer and Richmond. 
Prior to the use of X-ray d i f f r a c t i o n methods f o r mineral i d e n t i f i c a -
t i o n the term •psilomelane• was applied at random to any hard, f i n e grained 
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manganese ore that had a botryoidal or concretionary appearance and to 
t h i s day s t i l l persists as a f i e l d term. The chemical composition of 
'psilomelane type' minerals varies due to K. Ba. Cu. Co. Ca. Ag. & W 
(Ramdohr 1956). 
X-ray d i f f r a c t i o n methods showed t h i s broad group to be intimate 
mixtures and intergrowths of several d i s t i n c t mineral species - pyrolu-
s i t e , limonite, hematite etc. However four d i s t i n c t mineral species 
e x i s t , i . e . psilomelane, cryptomelane, hollandite and coronadite. Of 
these psilomelane i s orthorhombic, whi l s t the other three are pseudote-
tragonal. With the exception of hollandite they are low temperature 
minerals and do not form extensive s o l i d solutions. As the three forms 
are i s o s t r u c t u r a l distinguishing, one from another by d i f f r a c t i o n pat-
terns requires care. 
Crystallography 
Powder patterns indicate that the u n i t c e l l of hollandite i s often 
s l i g h t l y deformed to monoclinic symmetry (Bystrom and Bystrom, 1950), 
however the powder patterns of cryptomelane and coronadite have t e t r a g -
onal symmetry. 
Chemical Composition 
The general formulae proposed by various authors d i f f e r only i n 
d e t a i l . 
Fleischer and Richmond (1943) give the formula f o r the cryptome-
lane, coronadite, hollandite group as 'A' ttg^jg where A i s K, Pb or Ba 
according to the p a r t i c u l a r form and R i s c h i e f l y Mn with minor Mn , 
4 3 
Zn, Co and Cu. These authors give psilomelane the formula BaR_0 H O, 
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hence d i f f e r i n g from hollandite i n having essential water. Frondel and 
Heinrich (1942) quote the formula ss MnPbMngO^ or Mn PbMnO^HgO i n the 
case of coronadite and with Ba replacing the Pb i n the case of hollan-
d i t e . 
Bystrom and Bystrom (1950) give the formula as Ag _ Bg _ z X^ 
where A represents large ions Ba, Pb, K and Na and B small ions c h i e f l y 
Mn^ which to balance formulae may be substituted by ions l i k e Fe^, Mn^ 
or Mn3 Zn 2 (y i s close to unity) and z i s between 0.1 and 0.5 X repre-
sents 0 or OH groups. 
Coronadite 
History and Nomenclature 
Coronadite was f i r s t described by Lindgren and Hillebrand (1904) 
from the Coronado vein, C l i f t o n , Morenci d i s t r i c t , Arizona. I n 1923 
Fairbanks claimed that the coronadite was i n point of fa c t an intergrowth 
of hollandite and an uniden t i f i e d lead mineral. Lindgren (1933) observed 
that the description by Orcel (1932) of material from Bou Tazoult, Moro-
cco, was indentical i n physical and chemical properties to the o r i g i n a l 
material. 
Physical Properties 
I t i s dark grey or bluish grey i n colour, with a dark brown streak. 
I t s l u s t r e i s d u l l to sub-metallic. 
Crystallography 
Coronadite i s tetragonal or pseudotetragonal being i s o s t r u c t u r a l 
with hollandite and cryptomelane. 
a Q - 6.95 and CQ = 5.72 . 
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Chemical Analyses 
Coronadite is an oxide of lead and manganese. Frondel and Heinrich 
(1942) give the formula as MnPb Mn6<)14 or MnPbMngO^.HgO. Fleischer and 
Richmond give the formula as PbR g0 1 6 where R = Mn4 chiefly but also Mn2, 
Cu, Zn, however the reported analyses only approximately agree with this 
formula. Most samples have \ - bf> non-essential water* Ramdohr (1956) 
quotes a general formula similar to Fleischer and Richmond - PbMnSln^Ojg. 
Occurrence 
Coronadite i s found i n the oxidised zone of the Coronado vein, 
C l i f t o n , Morenci d i s t r i c t , Arizona, and in the upper levels of a mangan-
ese deposit at Bou Tazoult, Imini, Morocco. Ramdohr (1956) considers i t 
is the product of simultaneous weathering of manganese and lead bearing 
minerals. However he points out that the source of the lead at Imini i s 
not known. Coronadite occurs massive, i n botryoidal masses and rhythmic 
layering with fibrous structure. 
Hollandite 
History and Nomenclature 
Hollandite, an oxide of manganese and barium, f i r s t described from 
Kajlidongri, Jhabua State, India, was named after Dr. T.H. Holland, one 
time Director of the Geological Survey of India. 
Physical Properties 
I t s colour is silvery on the crystal and cleavage faces, and greyish-
black on the fractured faces. I t s streak is black and i t s lustre 
metallic on the crystal and cleavage faces. Polished sections show strong 
anisotropism and weak pleochroism with well developed cleavage. Hollandite 
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may occur as prismatic crystals and also massive where i t i s somewhat 
fibrous* 
Chemical Analyses 
Hollandite i s an oxide of manganese and barium. The general form-
ula given by various authors i s as below: 
Frondel and Heinrich (1942) MnBaMngO^ 
Ramdohr (1956) Ba(Mn 2Fe 2)Mn 7 40 1 4 
Richmond and Fleischer (1943) BaRo0li5 R - Mn c h i e f l y , 
o 16 
3 2 ^ 
also Fe , Mn • Fleischer and Richmond report the mineral to be normally 
anhydrous but i t may contain some non-essential water. 
Cryptomelane 
History and Nomenclature 
The name cryptomelane (Gk. - hidden black) was proposed by Richmond 
and Fleischer (1943) f o r the commonest of the psilomelane type minerals. 
I t i s characterised by the presence of K^ O and l i t t l e or no BaO, with 
water being non-essential. This mineral had e a r l i e r been recognised by 
Ramsdell (1932) who referred to i t as 1 true psilomelane 1• 
Physical Properties 
Cryptomelane i s tetragonal, steel grey to black i n colour, i t t a r -
nishes black and has a dark, brownish black streak. The hardness most 
commonly i s 6 - 6.5 but the hardness of cleavable v a r i e t i e s may be as low 
1 (Fleischer and Richmond 1943). 
Chemical Analyses 
Ramsdell (1932) by means of X-rays recognised the existence of Ba 
poor psilomelane which as stated above he termed 9 t r u e psilomelane 1. 
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Analyses of four such forms termed "cryptomelane" by Fleischer and Rich-
mond show content of 82 - 87# MnOg, 3 - 4# KgO, and 1.5 - 4# HgO. The 
water content i s variable and as X-ray powder photographs of residues 
from water determinations are identical with those of the original mat-
er i a l the water is concluded to be non-essential. Fleischer and Richmond 
give the general formula of cryptomelane as K.Rg.Ojg where R is chiefly 
44- 2+ el Mn but also Mn , Zn, and Co, and with 2-4/® non-essential water i n 
most samples. Gruner (1943) from four analyses gives the general 
formula M n 4 ^ ( M n 2 R 2 ) ^ (KNa) > 7 ( ) Ba # Q 2 <>16 ( H 2 0 ) 1 # 3 1 > Bystrom and 
Bystrom (1950) c r i t i c i s e d Gruner on several counts and give the general 
formula as A(2 - y) B^g ^ where 'A* is large ions., Ba, Pb, K and 
4 3 2 3 2 Na, and 'B* is smaller ions Mn substituted by Fe , Mn , Mn and Zn , 
and *X* is 0 and OH groups. *y' i s always approximatelyunity and * z* 
is from 0.1 - 0.5: Ramdohr (1956) gives the general formula K^Mn^FeCujMn^^Ojg 
whereby water which he considers belongs i n the structure has been 
omitted. 
Occurrence 
Cryptomelane occurs in diverse habits which have been enumerated by 
Fleischer and Richmond (1943) i n order of decreasing abundance: 
(1) A very fine grained, steel grey, dense, compact mass, with a 
conchoidal fracture. 
(2) As botryoidal masses. 
(3) As coarse cleavage masses that would not normally be labelled 
psilomelane type, known only from Tombstone, Ariz., Deming, N.M., and 
Sitapar, India. 
- 60 -
(4) As d i s t i n c t crystals known only from Romaneche, France (Roman-
echite) where d i s t i n c t crystals occur i n massive psilomelane. 
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P A R T I I 
General 
The main d i f f i c u l t y in the iden t i f i c a t i o n of manganese minerals 
l i e s i n their mode of occurrence, the commonest and most economically 
important forms frequently occur as fine grained masses and so defy 
id e n t i f i c a t i o n by normal simple methods. This group includes pyro-
l u s i t e , KMnOg, cryptomelane, psilomelane, hollandite and coronadite, 
and to a lesser extent manganite. The present study has been concer-
ned with investigating various techniques with a view to establishing 
c r i t e r i a to aid the i d e n t i f i c a t i o n of these manganese oxide minerals. 
In part I I of the thesis techniques employed i n the course of 
the present work are described and results given and conclusions dis-
cussed. 
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CHAPTER I I I 
X - RAY DIFFRACTION ANALYSIS 
Experimental Procedure 
Working Conditions 
Some 100 X-ray powder photographs were taken of the samples 
worked on, A Philips X-ray u n i t was employed. Exposures were 
made with f i l t e r e d Cr (16*0 radiation i n a camera of radius 57.3 mm. 
With 1 mm. pinholes suitable exposures were obtained i n 2 - 2 1/2 
hours at 10 milliamps and 20 kv. 
Sample Preparation 
The material to be analysed was pulverised rather than ground 
down to approximately - 200 mesh i n an agate pestle and mortar. The 
powder was then mounted on a t h i n pyrex glass f i b r e using collodion 
dissolved i n acetone as the adhesive. Attention was paid to obtain-
ing a uniform d i s t r i b u t i o n of the material on the glass hair. The 
glass hair was subsequently mounted into the camera and centred using 
the centring device. 
Development of the Film 
Standard methods of processing were used throughout the work. 
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Measurement and Shrinkage Correction 
The X-ray films were measured on a standard Hilger f i l m meas-
uring scale, f i t t e d -with a vernier scale, allowing reading to 
- 0.05 mms. For work other than straight i d e n t i f i c a t i o n corrections 
for shrinkage were applied to the apparent © values. 
Estimation of Line In t e n s i t y 
This was estimated v i s u a l l y with the l i n e i n t e n s i t i e s estima-
ted as follows:-
VS very strong 
S strong 
M medium 
W weak 
VW very weak 
Results of X-ray D i f f r a c t i o n Analysis 
Manganosite 
Only a single specimen of manganosite * was available f o r study, 
the specimen consisting of massive manganosite and z i n c i t e , i n addi-
t i o n small cigar-shaped inclusions of z i n c i t e occur along octahedral 
directions of the manganosite. The powder patter agrees wery well 
with the data of previous authors, the three strongest lines being 
2.22, 1.57 and 2.55 . I n addition to the manganosite pattern weak 
lines of z i n c i t e were recorded, i . e . 2.81, 2.59 and 2.47A*. 
a Q f o r manganosite as calculated was 4.4409 A,. 
Bixbyite 
Three samples of bixbyite were examined, two samples being 
* General descriptions of mineral specimens appear i n Appendix 1. 
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massive material from Sitapar i n the Central Provinces, India, and 
the t h i r d consisting of cubes side 0.5 cm. from Dugway, Utah. Sim-
i l a r powder patterns were obtained from a l l three samples, the three 
strongest lines being at 2.70, 1.66 and 1.42 £ . 'a^ as determined 
on the cubes from Dugway was calculated to be 9. 
Braunite 
Two specimens of braunite were examined by X-ray analysis. 
One, crystals of braunite from Langban, Varmland, Sweden, obtained 
from the B r i t i s h Museum, gave the three strongest lines at 2.708, 
1,66 and 1.42&, i n accord with published data. A second sample from 
the mineralogical c o l l e c t i o n Durham University, gave a pattern i n 
agreement with t h i s . 
Pyrolusite 
Some ten pyrolusites were examined, some of the samples pre-
viously having been labelled psilomelane. The qu a l i t y of the pattern 
varied considerably due, i t was thought, to varying grain size. That 
t h i s was due to grain size rather than s t r a i n imparted to the sample 
during grinding i s suggested by the fact that no improvement i n the 
qu a l i t y of the photograph was achieved by heating the sample p r i o r to 
analysis so as to release any s t r a i n imposed during the grinding. 
The most prominent lines were 3.10, 1.62, 1.55 and 1.30A* respec-
t i v e l y . 
&Mn0o - Nsutite 
Three samples were found to contain XMnOg, a sample marked 
'pyrclusite' from China being predominantly the o modification with 
minor cryptomelane, and two other specimens of massive ore from Ghana 
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and an unlocated •psilomelane 1 were found to consist predominantly 
oftfMnOg with minor pyrolusite. 
The l i t e r a t u r e contains a considerable number of powder pat-
terms which have been ascribed to tfMnO , some of which have very 
l i t t l e i n common with other patterns. The three samples examined i n 
the present study gave patterns closest to tha t given by Cole, Wads-
ley and Walkley (1947) and Zwicker, Groenveld-Meijer and Jaffe (1962). 
Cole et a l noted a v a r i e t y of tfMnO which they designated tfMnO I I 
which had lines at 4.32 and 3.89 a f t e r the material had been previous-
l y boiled i n n i t r i c acid, they never observed the 4.32 l i n e i n natural 
material. The patterns of Zwicker, Groeneveld, Meyer and Jaffe show 
a l i n e i n the region of 4.4A* which i s noted i n the samples of the 
present study. I t i s concluded therefore that the samples are the 
Nsutite modification of XMnOg. The material from Ghana gave a weak 
though d i s t i n c t l i n e at 4.38 A and the 1psilomelane' example s i m i l a r -
l y gave a very weak l i n e at t h i s wavelength. I n other respects the 
powder patterns were similar to those of Cole et a l . 
Pyrochroite 
A sample of pyrochroite from Pajsberg, Sweden, was analysed 
and gave a powder pattern i n accord with those of e a r l i e r writers 
with the strongest lines at 4.70, 2.45 and 1.81$. 
Manganite 
Samples of manganite from the Harz and I l f e l d gave powder pat-
terns similar to those reported by e a r l i e r writers with strong lines 
at 3.38, 1.67 and 2.63A*. Yfeak lines at 2.36 and 2.3lXwere noted, 
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which have previously only been noted by Fleischer and Richmond (1943). 
Psilomelane 
Considerable v a r i a t i o n exists between the several powder patterns 
that have been given f o r psilomelane, although the strongest lines are 
the same i n a l l patterns. I n a l l ten 'psilomelanes 1 were examined by 
X-ray analysis but of these only four proved to be psilomelane proper 
the Ba r i c h orthorhombic form, the others being M^nOg, pyrolusite, but 
c h i e f l y the Ba poor cryptomelane. The psilomelanes examined were a 
massive v a r i e t y from the Cap Rock D i s t r i c t , Grant Co., N. M., obtained 
from the U.S.G.S., and a sample from Restormel Mines, Cornwall, obtain-
ed from the Atomic Energy Division of the Geological Survey. The strong-
est lines were 2.18, 2.41 and 3.45A*. 
Groutite 
A specimen of groutite from the type l o c a l i t y , the Cuyuna Range, 
Minn., obtained from Prof. J.W.Gruner, the o r i g i n a l describer of the 
mineral, gave a powder pattern i d e n t i c a l with that reported by Gruner. 
Fr a n k l i n i t e 
Several specimens of f r a n k l i n i t e from the type l o c a l i t y of 
Franklin Furnace were examined. The minerals occur i n well formed oct-
ahedra. The powder patterns revealed a l i n e at 4.84 and 2. not 
recorded by Harcourt (194 2) but i n none of the samples was a l i n e 
recorded at 2.80 A. Strongest lines were recorded at 2.54, 1.49 and 
1.62A*. 
a* f o r f r a n k l i n i t e was determined as 8. 
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Jacobsite 
An unlocated sample of jacobsite gave a pattern i n accord w i t h 
that of the previous authors, other than that no l i n e was observed 
at 2.43 £. 
a was determined as 8.50A*. 
Hausmannite 
Specimens of hausmannite from I l f e l d , Harz, Langban, Sweden 
and Thuringia were examined by X-ray analysis. Extremely good agree-
ment was obtained with published data, the strong lines being at 2.48, 
1.53 and 2.75A*. 
Hetaerolite 
A specimen of hetaerolite associated with chalcophanite from 
Ogdensburg N.J. gave the three strongest lines at 2.44, 2.68 and 1.51A* 
respectively. 
Crednerite 
A specimen from the Mendips gave characteristic lines at 2.42, 
2.68 and 2.82 1 
Chalcophanite 
Three samples of chalcophanite were available f o r study, from 
Lake Valley, New Mexico; S t i r l i n g H i l l , New Jersey} and Ogdensburg, 
Sussex Co., New Jersey. The strongest lines were 6.96, 2.22 and 
1.59A* as noted by Ramdohr. However various lines recorded by Ramdohr 
were not present i n the samples studied, 7.54, 4.20 and 3.60 X. Simi-
l a r l y these lines were not recorded by Neumann. 
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Cryptomelane - Coronadite - Hollandite 
As noted i n the discussion of the various manganese minerals 
these three forms are i s o - s t r u c t u r a l although at the temperature pre-
v a i l i n g during t h e i r formation s o l i d solutions seem to be very l i m i -
ted. The i d e n t i f i c a t i o n of one form from that of another i s dependent 
on a c r i t i c a l examination of l i n e i n t e n s i t i e s . The coronadite speci-
men examined from Bou Tajoult, I m i n i , Morocco, was characterised by 
a lack of lines with an 'a' spacing greater than 3.44 X i n accord 
with patterns quoted by Fleischer and Richmond (1943) and Ramdohr 
(1956). The most prominent lines were at 3.09, 2.20 and 1.53 A. Two 
specimens of holla n d i t e , both from K a j l i d o n g r i , India, gave strong 
lines at 3.08, 2.41 and 1.52.& , rather similar to coronadite, however 
hollandite also gives lines at 4.84, and a suggestion of a l i n e at 
6.73-X . The l i n e at 5.83A* noted by Ramdohr (1956) was not recorded 
i n the present study. 
The various cryptomelanes examined gave a d i s t i n c t i v e l i n e i n 
the region of 6.90 , much stronger than the l i n e recorded i n the hol -
landite pattern. The most prominent lines are 2.40, 3.10 and 6.90 • 
Discussion of Results 
Details of the in d i v i d u a l powder patterns of the various miner-
als have been given i n the previous section. The main object of X-
ray d i f f r a c t i o n analysis i s to provide a t o o l f o r the i d e n t i f i c a t i o n 
of a p a r t i c u l a r mineral phase, or to i d e n t i f y the various phases pre-
sent i n a mixture. To t h i s end the A. S. T. M. index has been estab-
lished whereby a mineral may be i n d e n t i f i e d by the M 1 spacing of the 
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strongest l i n e s . 
This i s quite straightforward when dealing with a single phase, 
however i t becomes increasingly complicated when dealing with samples 
composed of several d i f f e r e n t mineral phases, as i t i s then possible 
to arrange the strongest lines i n a number of d i f f e r e n t combinations. 
In an attempt to avoid t h i s d i f f i c u l t y , a chart has been drawn ( f i g . 4) 
i n which the strongest lines of the various minerals have been p l o t t e d , 
and i n addition any p a r t i c u l a r l y characteristic l i n e i s recorded to 
further aid i d e n t i f i c a t i o n . I n t h i s case the 'd 1 spacing has been 
plotted f o r Cr E radiation on a 57 mm. camera, but cl e a r l y the method 
i s of application with other radiations. A similar method of present-
ation has been adopted by Neumann & Selevoll (1955). 
The chart was found of use i n the i d e n t i f i c a t i o n of samples con-
ta i n i n g various phases e.g. pyrolusite - cryptomelane. On recognising 
the presence of the strongest lines of say cryptomelane on a powder 
photograph, the presence of cryptomelane can be checked more thorough-
l y by comparing the 'd' spacings on ' s t i c k 1 diagram of cryptomelane 
( f i g . 5) where the height of the s t i c k i s proportional to the inten-
s i t y . On noting the lines of the powder pattern absent i n the cryp-
tomelane pattern, these can then be compared to other patterns. 
A procedure such as t h i s has considerable application i n a 
routine programme of mineral i d e n t i f i c a t i o n as the tedium of measur-
ing the 'd' spacings i s avoided. 
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CHAPTER IV 
POLISHED SURFACES AND POLISHING METHODS 
A p e r f e c t polished surface i s necessary before any p r o p e r t i e s 
of the surface such as microhardness and o p t i c a l p r o p e r t i e s of any 
s i g n i f i c a n c e may be obtained. I n a d d i t i o n though not so a p p l i c a b l e 
to the present study, a good p o l i s h f a c i l i t a t e s an examination of 
the t e x t u r a l r e l a t i o n s h i p s of a s s o c i a t e d m i n e r a l s . 
The nature of polished s u r f a c e s are f i r s t l y examined and then 
a review made of the v a r i o u s p o l i s h i n g methods follo-wed by a d e s c r i p -
t i o n of the p o l i s h i n g method used by the -writer. 
The Nature of Polished Surfaces 
The nature of polished s u r f a c e s has been of i n t e r e s t s i n c e the 
time of Ne-wton. I n a paper c a l l e d " P o l i s h " Lord Rayleigh s t a t e s , 
" I n the process of grinding together tiro g l a s s s u r f a c e s the p a r t i c l e s 
of emery, even the f i n e s t appear to a c t by p i t t i n g the g l a s s i . e . by 
breaking out small fragments." 
Dr. J.W.French considered a p o l i s h to be a t t a i n e d i n three 
stages t 
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(a) The removal of m a t e r i a l by abrasion of s p l i n t e r s the 
s i z e of which i s reduced i n stages by the use of f i n e r a b r a s i v e s . 
(b) The formation of an amorphous or surface flow l a y e r , 
the gradual removal of m a t e r i a l by grooving as d i s t i n c t from the 
abrasion of stage ( a ) . 
( c ) The e l i m i n a t i o n of grooves of stage'b'by the use of a 
continuous medium, such as rouge, producing maximum su r f a c e flow 
and p r a c t i c a l l y no removal of the surface l a y e r and no s p l i n t e r i n g 
a c t i o n whatsoever. 
S i r George B e i l b y (1921) considers t h a t p i t s and furrows are 
covered over by the flowed surface during p o l i s h i n g . He considers 
t h a t rouge p a r t i c l e s (500 - 800y^w)are small enough to e x h i b i t Brown-
i a n movement and a l l o w molecular contact over large a r e a s . Rouge 
p a r t i c l e s do not penetrate f a r below the s u r f a c e but come into a l -
most molecular contact with the sheet of molecules on the s u r f a c e , 
drag i t o f f l i k e a s k i n , the f r e s h molecular l a y e r l e f t r e t a i n i n g 
i t s m o b i l i t y f o r an i n s t a n t and before s o l i d i f y i n g being smoothed 
over by the a c t i o n of surface t e n s i o n to produce a l i q u i d l i k e 
s u r f a c e . On becoming r i g i d t h i s l a y e r takes on an amorphous s t r u c -
ture and forms an e s s e n t i a l l y " v i t r e o u s " l a y e r over the body of the 
metal - "the B e i l b y l a y e r " . 
Macaulay (1926) i n a t h e o r e t i c a l consideration of the heat 
generated during p o l i s h i n g concluded that the f r i c t i o n a l energy 
exceeds t h a t required to melt one l a y e r of g l a s s molecules. Macaulay 
(1929 - 32) i n an experimental approach to t e s t the formation of high 
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temperature during p o l i s h i n g used m a t e r i a l as ab r a s i v e s -which changed 
i n chemical composition when r a i s e d to a high temperature. The mat-
e r i a l s used included two lead oxides and calcium carbonate, and i n 
each case decomposition occurred. 
Pb o0. (red) 450° PbO (yellow) 1 Hour* 
Pb0 2 200° lower oxides 1 Hour. 
CaC0 o 700-1000° CaO 17 Hours. 
o 
Bowden and Hughes (1937) provide evidence that s u r f a c e temper-
ature a t the points of contact may on s l i d i n g be s u f f i c i e n t l y high 
to cause a r e a l melting of the metal the surface temperature being 
determined by using the rubbing contact of two d i f f e r e n t metals as 
a thermocouple. They concluded t h a t : 
(1) P o l i s h i n g i s g r e a t l y influenced by the r e l a t i v e 
melting points of abrasive and s o l i d . 
(2) R e l a t i v e hardness i s comparatively unimportant. 
(3) Surface flow i s brought about by i n t e n s e l o c a l 
heating of the surface i r r e g u l a r i t i e s to the melting or softening 
point. 
(4) The molten or softened s o l i d flows or i s smear-
ed over the s u r f a c e , and very q u i c k l y s o l i d i f i e s to form the B e i l b y 
l a y e r . N.K.Adam (1927) does not agree t h a t a c t u a l l i q u e f a c t i o n 
occurs, r a t h e r he considers that an amorphous l a y e r , u n d i s t i n g u i s l i -
able from a super cooled l i q u i d w i l l be formed by any mechanism which 
rearranges the sur f a c e p a r t i c l e s a t random. The p o l i s h e r adheres to 
the sur f a c e and on moving w i l l t e a r away p a r t i c l e s , some of which w i l l 
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be redeposited a t random elsewhere to give an amorphous l a y e r * 
H. Raether (1947) gives an account of e l e c t r o n and X-ray 
d i f f r a c t i o n and e l e c t r o n microscope s t u d i e s of s u r f a c e s p o l i s h e d 
mechanically and a l s o s u r f a c e s polished e l e c t r o l y t i c a l l y . By 
means of low angle r e f l e c t i o n and transmission ( p e e l ) methods he 
studied with considerable accuracy the behaviour of metals when 
submitted to cold working* Raether made the following conclu-
s i o n s : 
(1) Cold working modifies the surface l a y e r s 
with d i s r u p t i o n of the o r i g i n a l metal s t r u c t u r e . 
(2) The surface zone i s f i n e l y r e c r y s t a l l i s e d 
as d i s t i n c t from amorphous i . e . cold working does not produce a 
semi l i q u i d s t a t e but f i n e r e c r y s t a l l i g a t i o n . 
(3) Deformation extends to a depth of approx-
imately 10/* with r e c r y s t a l l i g a t i o n extending to a depth of lcX 
approx. according to the treatment and the nature of the o r i g i n a l 
m a t e r i a l . 
(4) The incorporation of oxygen by the s u r f a c e 
l a y e r s during p o l i s h i n g causes an i n c r e a s e i n t h e i r r e s i s t a n c e 
to corrosion, a feature not developed during e l e c t r o l y t i c p o l i s h -
i n g . Gold hardening i s produced on a micro s c a l e , the depth vary-
ing according to the duration and i n t e n s i t y of the p o l i s h i n g and 
the softness of the metal. Copper and aluminium t r e a t e d s i m i l a r l y 
f o r f i v e minutes formed a hardened l a y e r 4A and 8GA1 t h i c k respec-
t i v e l y i n d i c a t i n g t h a t hardening goes deeper than a r t i f i c i a l 
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r e c r y s t a l l i g a t i o n . 
(5) Due to surplus p o t e n t i a l energy f i n e l y r e c r y -
s t a l l i s e d m a t e r i a l has a tendency to coarsen -with time, ageing and 
temperature. 
(6) Minerals d i f f e r from metals i n t h a t they are 
b r i t t l e r a t h e r than malleable, hence t h e i r degree of deformation i s 
a function of t h e i r hardness. Deformation causes a t i l t i n g of the 
c r y s t a l u n i t s and the formation of a disorganised l a y e r of pulver-
i s e d c r y s t a l fragments of the order of 100A t h i c k . 
L.E.Samuels (1952-53) -working on the production of s c r a t c h 
f r e e s u r f a c e s with the minimum of deformation has shown th a t abra-
s i o n produces a f i n e l y r e c r y s t a l l i s e d surface l a y e r grading do-wn 
into a sub-surface l a y e r with pronounced deformation twins. Deeper 
" r a y s " of deformation are a s s o c i a t e d with i n d i v i d u a l l a r g e r s c r a t c h -
es. These views agree with those of Raether. 
Review of P o l i s h i n g Methods 
With i n c r e a s i n g a t t e n t i o n being given to the study of polished 
s e c t i o n s i t i s not s u r p r i s i n g to f i n d t h a t a considerable number of 
methods of p o l i s h i n g have been proposed. 
The e a r l i e r methods are reviewed i n Short (1948). Perhaps the 
f i r s t worker to r e a l l y get to g r i p s with the problem was J.W.Vander-
w i l t (1928). The procedure he de s c r i b e s r e s t s on two requirements, 
t h a t the specimen s h a l l never be exposed to harsh treatment, which 
would cause sub-surface s h a t t e r i n g , and that the laps used s h a l L be 
of c r y s t a l l i n e m a t e r i a l so th a t they may remain plane and u n y i e l d i n g -
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f a b r i c covered laps give r i s e to r e l i e f . He d e s c r i b e s a method f o r 
p o l i s h i n g using lead laps which give a surface f r e e of s c r a t c h e s and 
p i t s , e s s e n t i a l l y f r e e of r e l i e f , and f l a t g i v i n g a constant l e v e l 
of r e f l e c t i o n . The a b r a s i v e s used are alumina .01 and .0025 mm., 
rouge .001 mm., and magnesia .0007 mm, with a mixture of 3 p a r t s 
kerosene and 1 p a r t "Nujol" as l u b r i c a n t . Although a very f i n e p o l -
i s h i s obtained the c h i e f drawback to the method i s the time f a c t o r , 
6-13 hours being required to produce a polished s u r f a c e . 
More r e c e n t l y p o l i s h i n g has been accomplished using diamond 
pastes as a b r a s i v e s . The main advantages a r e : (a) a reduction of 
t o t a l p o l i s h i n g time (b) due to the extreme hardness of diamond i t 
cuts minerals of widely d i f f e r i n g hardness a t e s s e n t i a l l y the same 
ra t e so r e l i e f i s kept to a minimum ( c ) extremely hard minerals can 
be polished (d) i n c l u s i o n s , e.g. graphite i n grey c a s t i r o n s , are not 
l i k e l y to be p u l l e d out. 
Wbodside and B l a c k e t t (1947) des c r i b e a method f o r p o l i s h i n g , 
otherwise d i f f i c u l t samples, with diamond a b r a s i v e s . F i r s t the sam-
ple i s ground on a 500 g r i t diamond-impregnated wheel @ 3,300 r.p.m. 
with a coolant then polished on a c l o t h impregnated with diamond 
dust paste 2 microns. S o f t minerals are f i n i s h e d o f f by p o l i s h i n g 
with a s u i t a b l e f i n i s h i n g a brasive f o r a few seconds. 
Tarasov and Lundberg (1949) des c r i b e a method using a v i t r i f i e d 
diamond-impregnated hand hone with a 600 g r i t s i l i c o n carbide f o r 1 -
2 minutes as the intermediate stage, followed by f i n a l p o l i s h i n g f o r 
one minute on a wet s i l k c l o t h impregnated with 6 micron diamond. 
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F i n e s c r a t c h e s l e f t on the f i n e r m a t e r i a l s can be eliminated with the 
use of a f i n e r diamond or le v i g a t e d alumina. The authors r e p o r t t h a t 
i n some cases p o l i s h e s superior to those obtained by the Graton-Vander-
w i l t process were obtained. 
Perry man (1950) d e s c r i b e s a method f o r p o l i s h i n g samples of two 
or more phases using emery papers f o r preliminary grinding followed by 
p o l i s h i n g on a r o t a t i n g pad containing diamond dust 0-1 micron on a 
dry S e l v y t c l o t h , using l i g h t p a r a f f i n o i l as l u b r i c a n t . Fine s c r a t c h -
es are removed by p o l i s h i n g f o r a short time on a slow moving S e l v y t 
pad containing a suspension of gamma alumina i n water - t h i s stage must 
be short to avoid the formation of r e l i e f or straining due to the s e t -
t i n g up of e l e c t r d y t i c c e l l s between d i s s i m i l a r metals or phases. 
Davies (1951) d e s c r i b e s a method for p o l i s h i n g with diamond abra-
s i v e s . A f t e r conventional p r e l i m i n a r y stages, ^-3 micron diamond dust 
on S e l v y t c l o t h i s used, then 0-1 micron diamond, and f i n a l l y a l i g h t 
f i n i s h i n g treatment on S e l v y t pad impregnated with alumina. 
Samuels (1952-53) reports on a very thorough study he made of the 
va r i o u s p r o p e r t i e s of diamond p o l i s h i n g . He determined by a quantita-
t i v e study of p o l i s h i n g r a t e s t h a t diamond applied as a paste was much 
more e f f e c t i v e than diamond applied to the lap i n powder form. I d e a l l y 
the paste must be a permanent emulsion prepared from l i q u i d s , m i s c i b l e 
with water and r e a d i l y absorbed by the p o l i s h i n g pad. Applying v a r y i n g 
weights of a b r a s i v e s of s e v e r a l grades, Samuels found t h a t the p o l i s h i n g 
r a t e s f or the grades 0-1 and 4-8^ * were independent of the weight used. 
At low weights the p o l i s h i n g r a t e s of the 20/30 grade was considerably 
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lower than t h a t of the 8/4 grade but increased with i n c r e a s i n g amounts 
applied. Samuels concluded t h a t i t was the number of p a r t i c l e s pre-
sent on the l a p t h a t was the c r i t i c a l f a c t o r . These r e s u l t s a l s o 
i n d i c a t e t h a t i f p o l i s h i n g i s to be kept w i t h i n economic l i m i t s t h a t 
only the f i n e r grades of diamond should be used. With 40 gm. a p p l i c a -
t i o n s of 0 / i , 0/1, 4/8, 20/30 and 300 mesh i t was found t h a t copper and 
aluminium show a maximum p o l i s h i n g r a t e with the 4/8 grade and s t e e l 
with the O/l grade. Samuels recommends the use of the 4/8 and the O/l 
grade, s c r a t c h i n g i n the l a t t e r grade stage being due to the condition 
of the c l o t h r a t h e r than the diamond i t s e l f . P o l i s h i n g r a t e decreases 
r a p i d l y i f the sample becomes too dry, kerosene i s recommended as a 
l u b r i c a n t . Samuels c i t e s f i g u r e s of the v a r i a t i o n of p o l i s h i n g r a t e 
with the melting point of the specimen, and s t a t e s t h a t there i s no 
r e l a t i o n between p o l i s h i n g r a t e and hardness, but t h a t p o l i s h i n g r a t e 
does depend on some property other than melting point* A f t e r t h i s 
experimentation Samuels proposed a system of metallographic p o l i s h i n g 
taking into account the f a c t s h i s study had brought out. He s t r e s s e s 
the importance of a f i x e d abrasive type of lap as e a r l i e r recognised 
by V i l e l l a and subsequent workers. For t h i s Samuels proposes a wax 
l a p impregnated with e l u t r i a t e d alumina (10-30) micron range), such a 
l a p g i v i n g a p o l i s h i n g r a t e i n excess of t h a t of diamond a b r a s i v e s . 
The s c r a t c h e s from t h i s stage are removed i n l e s s than a minute using 
4/8 grade diamond and then f i n a l p o l i s h i n g i s achieved using c a l c i n e d 
magnesia. I n a l a t e r paper (1954) Samuels de s c r i b e s the d e s i r a b i l i t y 
of doing the f i n a l p o l i s h on a "pad" of magnesia on the c l o t h r a t h e r 
than with a s l u r r y of magnesia. By t h i s method the sample does not 
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touch the c l o t h a t a l l which Samuels considers i s the cause of the 
s c r a t c h e s . 
Wandke (1953) drew a t t e n t i o n to p h y s i c a l changes i n the sur -
face l a y e r s of c h a l c o c i t e - c o v e l l i t e s e c t i o n s during p o l i s h i n g . Such 
changes occur a t temperatures greater than 68°C., i n t h i s p a r t i c u l a r 
case and are considered by Wandke to be due to the mechanical smear-
ing which r e a d j u s t s i t s e l f a f t e r p o l i s h i n g . Ramdohr however consid-
ers t h i s to be due to surface oxidation. To avoid t h i s e f f e c t Wandke 
recommends t h a t the f i n a l p o l i s h be c a r r i e d out on a t i g h t c l o t h of 
short nap using magnesia as a b r a s i v e . 
B a r r i n g e r (1953-54) recommends the use of nylon sueded simplex 
because of i t s remarkable wearing p r o p e r t i e s , i t s nap being s u f f i c i -
ent to p o l i s h both hard and s o f t minerals i n a s e c t i o n . A lap speed 
of 500 r.p.m. i s proposed to avoid undue heating. For manual p o l i s h -
ing B a r r i n g e r recommends the use of three grades of diamond paste, 
12/6, 5 / l and 2/0 but s u b s t i t u t i n g 8/4 grade f o r the two coarser grades 
when p o l i s h i n g i s done on an automatic machine. F i n a l p o l i s h i s c a r -
r i e d out with magnesia and water @ 100 r.p.m. 
Hallimond (1954) gives an account of the use of a s o l i d nylon 
lap impregnated with diamond paste 0-2 micron grade, again the f i n a l 
f i n i s h i s a t t a i n e d using magnesia. Hallimond gives a time of up to 
30 minutes which i s considerably i n excess of times quoted by other 
autho r s • 
Sawpson (1956) w r i t i n g on the use of diamond ab r a s i v e s f o r p o l i s h -
ing advocates the use of three grades of diamond paste, 6, 1 and i micron 
grades with a l i t t l e o i l as l u b r i c a n t . 
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Stanton (1957) re p o r t s on a method evolved by L.K.Samuels and 
himself based on the use of a wax-abrasive mixture and diamond impre-
gnated c a r r i e r pastes on napless c l o t h . The preliminary stages e n t a i l 
the abrasion by 400 mesh carborundum on a r o t a t i n g gun metal lap, f o l -
lowed by American Optica l Company 303*5 and 305^on s t a t i o n a r y g l a s s 
p l a t e s . The intermediate stage incorporates the use of a c a s t abra-
s i v e wax l a p , the a b r a s i v e being 10-20/*, followed by diamond a b r a s i v e s 
( 8 - 4 M , and 0-^) on napless c l o t h . The f i n a l p o l i s h i s obtained using 
magnesia as a s l u r r y on a s t a t i o n a r y napped c l o t h . 
Discussion of P o l i s h i n g Methods 
As can be seen from the previous s e c t i o n a great v a r i e t y of 
p o l i s h i n g methods have been proposed, most, e s s e n t i a l l y s i m i l a r to one 
another and d i f f e r i n g only i n d e t a i l . To a c e r t a i n extent these minor 
v a r i a t i o n s are due to the d i f f e r e n t nature of the m a t e r i a l being p o l -
i s h e d , because there i s no doubt t h a t d i f f e r e n t m a t e r i a l s r e q u i r e 
s l i g h t l y d i f f e r e n t treatment during p o l i s h i n g . 
An a p p r e c i a t i o n of the merits of the v a r i o u s methods w i l l be 
attempted bearing i n mind that the p e r f e c t polished surface i s : 
(a) f r e e from s c r a t c h e s and p i t s , 
(b) r e p r e s e n t a t i v e of the underlying mineral s t r u c t u r e , i . e . no 
d i s t o r t i o n has been produced during the p o l i s h i n g process, 
( c ) r e l i e f i s kept a t a minimum as undue r e l i e f prevents i n t i m -
a t e l y a s s o c i a t e d hard and s o f t minerals from being i n 
focus a t the same time, and obscures contacts between hard 
and s o f t m i n e r a l s , normally c r i t i c a l zones, 
(d) produced without the plucking out of i n c l u s i o n s , e.g. grap^ 
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h i t e i n c l u s i o n s i n s t e e l s e t c . 
I n 1928 Vanderwilt drew a t t e n t i o n to the harmful e f f e c t t h a t coarse 
a b r a s i v e s have on the sub-surface l a y e r s of a s e c t i o n , g i v i n g r i s e 
to s h a t t e r i n g below the p i t s . Preston showed that to p o l i s h g l a s s 
starting with a matte surface with p i t s 3 microns deep th a t i t was 
necessary to remove*,layer 6-10 microns t h i c k to get to the bottom of 
the f i s s u r e s . Flaws and f i s s u r e s n a t u r a l l y vary according to the 
hardness and b r i t t l e n e s s of the s p e c i f i c mineral but such f e a t u r e s 
are worthy of consideration. Vanderwilt also drew a t t e n t i o n to the 
d e s i r a b i l i t y of using f i x e d g r a i n a b r a s i v e s r a t h e r than r o l l i n g 
g r a i n a b r a s i v e s . With f i x e d g r a i n a b r a s i v e s an even c u t t i n g a c t i o n 
i s obtained and only a f r a c t i o n of the g r a i n width i s a c t u a l l y cut-
t i n g , the remainder of the g r a i n holding the abrasive grains i n the 
c a s t . The importance of f i x e d g r a i n a b r a s i v e s has been emphasised 
i n Samuels (1952-53). Bowden and Hughes (1937) drew a t t e n t i o n to 
the importance of the r e l a t i v e melting points of abrasive and the 
r a t e s 
specimen i n d i c a t i n g t h a t the highest polishing^were a t t a i n e d when 
the d i f f e r e n c e i n the melting point of the abrasive and s o l i d was 
g r e a t e s t . Samuels (1952-53) studied the p o l i s h i n g r a t e r e l a t i v e to 
melting point i n some nineteen metals and a l l o y s and found that with 
one or two exceptions there i s a general c o r r e l a t i o n between melting 
point and the p o l i s h i n g r a t e . With reference to r e l a t i v e hardness 
Bowden and Hughes s t a t e "The r e l a t i v e hardness of s o l i d and p o l i s h e r 
as normally measured a t room temperature i s comparatively unimport-
ant", and Samuels s t a t e s "the r e l a t i v e hardness i s comparatively 
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unimportant". Various authors, Macaulay (1926) Bowden and Hughes 
(1937) have c i t e d evidence to support the idea t h a t a t the l o c i 
where p o l i s h i n g i s t a king place high temperatures e x i s t . I f t h i s 
i s the case then we are concerned with the hardness of the abras-
i v e s and samples a t these elevated temperatures r a t h e r than a t 
room temperatures, T a p s e l l (1931) and Elam (1936) have shown t h a t 
the mechanical strength of many metals and s o l i d s f a l l s to a v e r y 
low value a t temperatures w e l l below the melting point. I f one con-
s i d e r s f o r a moment the r e l a t i v e melting points and hardness of 
carborundum, alumina and diamond i t i s seen t h a t from the r e l a t i v e 
melting or decomposition points 
Hardness Melting or Decomp, Pt, 
Diamond 7000 1000°C 
S i l i c o n Carbide 2480 2«7s 
Alumina 2100 > i ^ o o 
of the three a b r a s i v e s one would expect t h a t diamond would have the 
lowest p o l i s h i n g r a t e . This obviously i s not borne out i n p r a c t i c e 
because as has been d i s c u s s e d i n the s e c t i o n on p o l i s h i n g methods 
diamond i s by f a r the s u p e r i o r a b r a s i v e . We must therefore turn to 
some other property of the mineral to e x p l a i n i t s high p o l i s h i n g 
r a t e . C e r t a i n authors have explained the high p o l i s h i n g r a t e of 
diamond as being due to i t s extreme hardness, Perryman (1950) and 
T o t t l e (1951). I t c e r t a i n l y does appear to be of some consequence 
but perhaps the true explanation l i e s i n the hardness of diamond a t 
elevated temperatures, i , e , those a t which p o l i s h i n g a c t u a l l y takes 
pl a c e . 
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P o l i s h i n g Method used i n Present Study 
I n i t i a l l y a small piece of the sample to be mounted i s ground 
by 400 grade carborundum on a s t e e l l a p so as to form a convenient 
f l a t s u r f a c e . The samples are mounted i n a cold s e t t i n g r e s i n manu-
factured by B a k e l i t e L t d . , London. A f t e r 24 hours the r e s i n i s very 
hard and the p o l i s h i n g operation can be undertaken. 
The v a r i o u s modes of occurrence of the manganese minerals pre-
vents any hard and f a s t r u l e f o r p o l i s h i n g to be made and i t i s found 
t h a t v i r t u a l l y each mineral had to be v a r i o u s l y polished according to 
i t s own p a r t i c u l a r h a b i t . Nevertheless the sequence of stages i s the 
same f o r a l l minerals and i s as f o l l o i r s : 
Stage 1: The sample f r e s h from the mount i s ground f i r s t l y by 
400 grade carborundum on a s t e e l lap to obtain a p e r f e c t l y f l a t s u r f a c e . 
The s e c t i o n i s then ground by 700 grade carborundum on a 6" lead l a p 
as supplied by Cooke, Troughton and Simms Ltd., York. I t has been 
found best to keep the -water during t h i s stage a t a minimum as other-
wise a poorer surface i s obtained. At the same time there must be 
s u f f i c i e n t -water on the l a p to prevent undue heating. With a mini-
mum of -water the b e t t e r p o l i s h i s obtained due to the f a c t t h a t ire 
are e s s e n t i a l l y d e a l i n g with f i x e d a b r a s i v e s and so g e t t i n g a con-
s t a n t amount of b i t e from the a b r a s i v e . At the end of t h i s stage 
the specimen should have a f i n e matte su r f a c e . 
Stage 2t I n t h i s stage the samples are ground on s t a t i o n a r y 
c a s t abrasive-wax l a p s . This i s d e f i n i t e l y the most c r i t i c a l stage 
of the whole p o l i s h i n g process. Two grades of l a p are used although 
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i n some cases the second lap was dispensed -with. These laps are 
prepared by adding a maximum amount of carborundum (400 - 700 
grade) to molten p a r a f f i n -wax, and then allowing the suspension 
to s o l i d i f y on a s u i t a b l e base p l a t e . The advantages of t h i s 
type of abrasion l i e i n the f a c t that i t s a c t i o n i s intermediate 
between th a t of a f i x e d and that of a r o l l i n g a b r a s i v e , the bond-
ing of the p a r t i c l e s allows a high c u t t i n g r a t e and the f l a t 
f i n i s h c h a r a c t e r i s t i c of a f i x e d a b r a s i v e , but i s not so r i g i d as 
to cause t e a r i n g . A disadvantage of the lap i s t h a t i t has to be 
cleaned frequently, approximately every f i v e minutes, the most s a t -
i s f a c t o r y way to achieve t h i s being to draw a microscope s l i d e 
across the s u r f a c e , edge down, thus scraping clean the used s u r f a c e . 
The time spent on t h i s stage v a r i e s from 1 - 1 0 minutes according 
to the specimen. At the end of t h i s stage a l l p i t s should be 
removed and the f i r s t semblance of a p o l i s h observed, the s u r f a c e 
being normally a network of f i n e s c r a t c h e s . 
Stage 3t Diamond paste applied to b a l s a wood laps are used i n 
t h i s stage. The laps are prepared by s t i c k i n g b a l s a wood sheets 
( l / 3 2 " ) on to 6" s t e e l l a p s . The diamond paste used i s t h a t mark-
eted by L.M.Van Moppes Lt d . , Basingstoke, Essex. I n the f i r s t 
i n s t a n c e 6/3 grade diamond paste i s used, i t a c t s very q u i c k l y to 
give a f i n e l y scratched s u r f a c e . Secondly l / 4 - 1 grade diamond 
i s used and t h i s i n turn produces a p o l i s h with even f i n e r s c r a t c h e s . 
Stage 4: The p o l i s h obtained from the l a s t diamond stage i s 
quite adequate f o r routine i d e n t i f i c a t i o n work but f o r work connect-
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ed -with the measurement of r e f l e c t i v i t y or other such c r i t i c a l 
work i t i s necessary to get r i d of the f i n e s c r a t c h e s produced 
by the f i n e s t diamond paste. This f i n a l p o l i s h was c a r r i e d out 
using magnesia on nylon simplex c l o t h as supplied by L.E.F. Co. 
Lt d . , C h i l w e l l , Notts. I t was found t h a t a s c r a t c h f r e e surface 
was most e a s i l y obtained by p o l i s h i n g on a pad of damp magnesia 
powder, i n f a c t not allowing the texture of the c l o t h to come 
into contact with the specimen. 
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CHAPTER V 
MICROHARDNESS TESTING 
General 
Hardness vas defined by Ashby (1951) as "a measure of the resistance 
to deformation or damage" and as such i s related to the physical properties 
of the mineral. Atomic structure in so f a r as i t a f f e c t s the various 
physical properties concerned i s the fundamental property a f f e c t i n g hardness. 
Referring to the place of hardness determination i n present day mineralogy 
Nakhla (1955) reports as follows "....Hardness determinations of polished 
mineral surfaces should not be regarded as a panacea i n the i d e n t i f i c a t i o n 
of opaque minerals. I t i s simply an additional technique a t the disposal 
of the mineralogist to be used with other opti c a l and chemical methods 
of mineral i d e n t i f i c a t i o n . " 
History of Hardness Determinations 
E a r l i e s t methods of hardness determination were based on e s t a b l i s h i n g 
only r e l a t i v e differences i n hardness between the minerals and i t was not 
u n t i l r e l a t i v e l y recently that absolute hardness values were established 
for the minerals. The various methods w i l l be reviewed i n turn. 
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Mohs (1824) established his now c l a s s i c a l s c a l e of hardness as 
below: 
1. T a l c . 
2. Gypsum. 
3. C a l c i t e . 
4. F l u o r i t e . 
5. Apatite. 
6. Orthoclase. 
7. Quartz• 
8. Topaz• 
9. Corundum. 
10. Diamond. 
On t h i s basis any mineral w i l l scratch any other mineral with a lower 
hardness number, i t s e l f being scratched by a mineral with a higher hardness 
number. Such a c l a s s i f i c a t i o n has widespread application i n elementary 
mineralogy. 
Murdoch (1916) describes a method for determining hardness by 
scratching the mineral surface with a needle under a known load, the ease 
of scratching being a measure of the hardness. On t h i s b asis Murdoch 
recognised three grades of hardness i . e . 
1. Low hardness - e a s i l y scratched by weight of needle and 
handle alone or with l i g h t pressure. 
2. Medium hardness - minerals scratched only f a i n t l y with l i g h t 
pressure or e a s i l y with moderate pressure. 
3. High hardness - minerals scratched only with d i f f i c u l t y or 
not at a l l with heavy pressure. 
Such a method i s of obvious use i n general mineralogy though of very 
limited application in detailed work. 
Van der Veen (1925) draws attention to the p o s s i b i l i t y of e s t a b l i s h i n g 
the r e l a t i v e hardness of minerals according to t h e i r resistance to wear 
during the polishing process. Of two minerals adjacent to one another 
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i n a polished section, the harder mineral w i l l stand up i n r e l i e f 
above the sof t e r mineral* 
Talmage (1925) describes the use of a diamond as a scratching 
device, the measure of hardness varying according to the weight applied 
to the beam carrying the diamond i n order to produce a scra t c h of given 
character, which Talmage termed the "standard scratch". On t h i s basis 
Talmage established seven mineral groups as below: 
A* Argentite* 
B. Galena* 
C* Chalcopyrite* 
D. Tetrahedrite* 
£• N i c c o l i t e * 
F* Magnetite* 
G. Ilmenite* 
Indentation hardness t e s t i n g involves the application of a known 
force to a diamond indenter acting on a t e s t piece, the s i z e of the 
impression produced being a measure of the hardness* Meyer (1908) used 
a s t e e l b a l l with applied loads of up to 3*0 kgs. More recently however 
diamond indenters have been used almost ex c l u s i v e l y * Two forms have 
been developed, the Knoop indenter being an acute angled diamond with a 
length to breadth r a t i o of 7 : 1 whereas the Vickers indenter i s an 
inverted pyramid with a square base, an i n t e r f a c i a l angle of 136° and a 
depth of penetration of l/7 of the diagonal length* 
Review of Previous Work on Indentation Testing 
A review of the pertinent l i t e r a t u r e reveals factors that have to be 
taken into consideration i n order to obtain s i g n i f i c a n t hardness values. 
These may be divided into four categories which w i l l be dealt with 
i n turn as below. 
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1. Features of the apparatus* 
2. Features of the t e s t piece. 
3. Variat i o n of hardness with applied load. 
4. Variation of hardness with c r y s t a l orientation. 
Features of the apparatus 
E a r l i e r workers have considered various desirable features of the 
apparatus and conditions of t e s t i n g as mentioned below. 
Type of indenter: The Vickers indenter has been preferred to the 
Knoop indenter by Campbell, Henderson and Donleavy (1948) and Taylor (1948), 
the former authors recognising the following desirable features of the 
geometry of the Vickers type indenter. 
a) For a given load the Vickers gives a smaller impression, 
consequently i t i s more suitable for making impressions i n a small area. 
b) Correlations between hardness values based on a standard 
diamond hardness scale and measurements on the microhardness t e s t e r are 
probably l e s s a ffected by geometrical differences between penetrators 
than they might be with the r a d i c a l l y d i f f e r e n t geometry of the Knoop 
indenter. 
c) Small impressions made by each type of indenter indicated that 
the Vickers indentations are e a s i e r to measure, d i f f i c u l t y was experienced 
i n locating the ends of the Knoop indentations. 
Orientation of the diamond: Thibault and Nyquist (1947) recognised 
s l i g h t apparent variations i n hardness of the t e s t piece according to 
the orientation of the diamond indenter. Diamond '20' and '5.1' were 
mounted with one crystallographic (cubic) axis of the diamond p a r a l l e l 
- 95 -
to the axis of the indenter mount; the longitudinal edges were in a 
plane b i s e c t i n g the angle between the other two crystallographic axes 
and gave higher hardness values than diamond 901 with the longitudinal 
edges lying in a plane containing one of the c r y s t a l lographic axes. See 
F i g . 6. 
Imperfections of diamond; Bergsman (1948) and Campbell, Henderson 
and Donleavy (1948) recognised the importance of the indenter being of 
perfect form. The l a t t e r authors report that any deviation from a 
s t r a i g h t l i n e with a slope of 2 for a plot of log d / log L i s a measure 
of the lack of perfection of the diamond point for loads l e s s than 50 gms. 
Mounting of diamond: Thibault and Nyquist (1947) a f t e r Knoop Peters 
and Emerson quote assymetry of indentation under 20fi with the Knoop 
indenter does not a f f e c t the hardness value. See P i g . 7. 
Loading: Tate (1945) developed a solenoid for the Tukon t e s t e r to 
avoid i n e r t i a l e f f e c t s due to the f u l l application of the indenting load 
u n t i l the upward motion had been arrested. A torque arm was attached 
to the elevating screw to eliminate side play. Thibault and Nyquist 
(1947) show the e f f e c t of the solenoid on hardness values. See P i g . 8. 
Bergsman (1948) recognised the importance of adopting a constant loading 
speed and i n t h i s connection recommended a speed of 1 mm. / 1 min. This 
author also recommended the time of contact between the indenter and 
specimen be 15 seconds, to ensure a s t a t i c condition. Taylor (1948) 
drew attention to the necessity for the accurate application of the 
indenter and i t s very careful removal from the t e s t piece to avoid any 
hysteresis of the mechanism. 
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Optical Equipment: Thibault and Nyquist (1947) report that as a 
lens system shows some d i s t o r t i o n , the object to be measured should be 
located in the same region of the f i e l d as for the c a l i b r a t i o n of the 
f i l a r micrometer, preferably the centre. Both ends of the indentation 
should be i n focus a t the same time and the microscope should be r i g i d 
and free from f i b r a t i o n . The measured length of an indentation i s 
greater when optical equipment of higher resolving power was used* 
Tarasov and Thibault (1947) note that a decrease i n the numerical 
aperture (high to low magnification) r e s u l t s in a shorter observed 
length of any indentation (See F i g , 9 ) , so i t i s necessary to add a 
correction factor to the observed length to bring the value as would be 
observed with the highest numerical aperture used. When the r e l a t i v e 
correction for v i s i b i l i t y i s plotted against the numerical aperture as 
i n F i g . 10 they l i e very close to a rectangular hyperbola, the equation 
being ( A l y + 1.2) (N + 0.3) = 2.09. I t i s possible to extrapolate 
roughly to a hypothetical objective having i n f i n i t e resolving power 
and zero v i s i b i l i t y e r r o r . By p l o t t i n g l y vs V(N + 0.3) *^ gives a 
s t r a i g h t l i n e . The value for 1^ for which V(N + 0.3) * 8 z e r o the 
correction to apply to the 80 x objective. 
Features of the Test Piece 
Polishing Method: Taylor (1948) drew attention to the importance 
of producing the t e s t surface without the generation of heat s u f f i c i e n t 
to a f f e c t the properties of the surface l a y e r s . 
Campbell, Henderson and Donleavy (1948) studied the e f f e c t of 
etching on the hardness values and found that the micro-hardness on 
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unetched surfaces i s l e s s than that of etched surfaces with loads 
of 50 grams or l e s s , the difference being greater the harder the 
mineral. This i s attributed,to the presence on the unetched surface o£ s+eel 
of a layer of disturbed metal which i s removed by etching; such a 
layer i s r i c h e r in f e r r i t e and poorer i n carbide than the underlying 
l a y e r and i s s o f t e r . 
Stable Sample: Thibault and Nyquist (1947) report on the importance 
of the sample being r i g i d l y fixed during hardness t e s t i n g . 
Mode of Deformation: Thibault and Nyquist (1947) s t r e s s the 
d e s i r a b i l i t y of making indentations under conditions of e l a s t i c and 
p l a s t i c deformation and thus avoid any e f f e c t which f r a c t u r i n g might 
exert on the Knoop number. Cracking i s classed i n 6 groups: groups 
1 - 3 are not affected by the f r a c t u r i n g observed, groups 4 and 5 should 
be avoided i f possible by the use of lower indentation loads, group 6 
i s unsatisfactory for hardness measurements. 
Spacing of Indentations: S t r a i n surrounding the indentations equal 
to the length of the long diagonal can be shown to e x i s t . Brodie (1944) 
recommends spacing of 12 microns for minerals of hardness 750 with a 
load of 100 grams. Tate in the discussion of Brodie (1944) states that 
indentations should be spaced 1.5 times the indentation length. I f 
indentations are spaced too c l o s e l y together a s l i g h t l y higher value i s 
observed due to the cold working of the mineral surface. 
Quality and Shape of Indentations: The applications of the q u a l i t y 
and shape of indentations as an aid to mineral i d e n t i f i c a t i o n has been 
dealt with by Bowie and Taylor (1958). Straight edges indicate 
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deformation with no appreciable e l a s t i c recovery, the majority of ore 
minerals however give indentations with s l i g h t l y concave margins. The 
indentations formed i n some anisotropic minerals vary with the orientation 
of the indenter. I n one direction the indentations have two opposite 
sides concave and two convex; on rotation through 45° the indentations 
are k i t e shaped with s l i g h t l y concave edges. 
Grain S i z e : Nakhla (1956) considers that the correct hardness value 
can be corre c t l y determined i f the depth of the mineral i s 1.5 times the 
diagonal length or ten times the depth of penetration. Taylor (1948) 
observed a marked v a r i a t i o n of the hardness with distance from the edge 
of n i t r i d e d s t e e l (mH 275 - 930) the hardness dropping below 900 a t 
about 0.04 mm. from the edge ( F i g * l l ) . 
Bowie and Taylor (1958) noted variations in hardness due to degree 
of c r y s t a l l i n i t y , the values for microcrystalline v a r i e t i e s being only 
70/& of those obtained on coarsely c r y s t a l l i n e m a t e r i a l . 
Variation of hardness with applied load 
A considerable amount of l i t e r a t u r e has appeared on the subject of 
the v a r i a t i o n of hardness with applied load. This i s reviewed b r i e f l y , 
chronologically i n the present section. 
Brodie (1944) r e f e r r i n g to the v a r i a t i o n of hardness with applied 
load states that loads above 200 grams give constant hardness values but 
with smaller loads readings tend to be s l i g h t l y high. 
Tate (1945) in a study of the v a r i a t i o n of hardness with applied 
load using d i f f e r e n t types of indenters came to the conclusion that the 
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form of the indenter was a c r i t i c a l f a c t o r . He noted that the values 
obtained with a Knoop indenter increased with decreasing loads, such a 
v a r i a t i o n was not apparent with a Vickers indenter over a comparable range, 
indicating that i t was due to some feature of the t e s t i t s e l f . See F i g . 
12. Tate c i t e s evidence to show that e l a s t i c recovery takes place along 
the long diagonal ( c f • Knoop Peters and Bnersonj^of the Knoop indention. 
Since the geometrical r e l a t i o n between the surfaces of the indentation 
and the specimen a t the ends of the diagonal i s independent of load i t 
might be expected that shortening would be independent of load, i . e . a 
constant recovery would be a larger percentage of the t o t a l length of 
the long diagonal i n the smaller indentations than on the case of the 
larger indentations and would cause an apparent increase i n the hardness 
value with decreasing load. The same theory applies to a Vickers indenter 
but the change i n length i s only l/5 as great because of the larger angle 
between the edge of the Vickers indentation and the surface of the specimen. 
Tate observed the shortening of the Knoop diagonal to be 5 microns i n the 
case of glas s , and on the addition of 5 microns to the diagonal lengths 
of Knoop indentations good approximations to constant values are obtained, 
see F i g . 13. Tate suggests that rather than apply such corrections to 
readings i t i s s a t i s f a c t o r y to state them as observed providing the 
applied load i s also quoted. Berry and Foley i n the discussion subsequent 
to Tate's paper state that i t i s not s a t i s f a c t o r y to add 5 microns to 
a l l substances as the e l a s t i c recovery of glass i s greater than that of 
metals due to the high short time e l a s t i c l i m i t and low modulus of 
e l a s t i c i t y of g l a s s . 
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Thibault and Nyquist (1947) confirm the r e s u l t s of Brodie and 
Tate and report an increase of hardness w i t h decreasing load i n various 
metals and minerals w i t h applied loads of less than 100 gms* see Pig. 14 
Tarasov and Thibault (1947) i n a consideration of the determination 
of Knoop hardness numbers independent of load recommend the addition 
of a constant length correction to the indenter length* By t h i s means 
a constant hardness value (the unrecovered hardness) i s obtained w i t h 
a l l loads* The correction f a c t o r * calculated t o tenths of a micron, 
i s the one th a t r e s u l t s i n the most nearly constant set of hardness 
numbers f o r various loads. See Figs. 14 and 15* The same correction 
f a c t o r cannot be applied t o d i f f e r e n t minerals because the f a c t o r i s 
related t o the Young's modulus and y i e l d strength. A study of d i f f e r e n t 
minerals shows t h a t a Constant r e l a t i o n s h i p does not e x i s t between the 
measured hardness (Km) and the unrecovered hardness (Ku)« The correction 
to be applied i s made up of two components* f i r s t l y a component due to a 
v i s i b i l i t y e r r or as discussed i n an e a r l i e r section. The proportion 
of the two components varies considerably i n d i f f e r e n t minerals as shown 
i n table below. 
Material V i s i b i l i t y E l a s t i c Rec. Total 
Steel 2*4 0.7 3.1 
S i l i c o n carbide 1.1 3.0 4.1 
Boron carbide 1.1 2.2 3.3 
Kennametal 1.1 1.4 2.5 
Because of the v a r i a t i o n i n the e l a s t i c recoveries of d i f f e r e n t 
materials and i n the v i s i b i l i t y conditions a general useful r e l a t i o n s h i p 
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cannot be established between the measured hardness number* a t some load* 
and the unrecovered hardness number* Approximate correction factors 
can be obtained by p l o t t i n g on log/log paper the length measured, 1^ as 
abscissa and the load L as the ordinate* Points can be expected t o f a l l 
on a s t r a i g h t l i n e (slope of less than 2) curving t o the l e f t at the 
bottom* The deviation from a s t r a i g h t l i n e i s due to the e l a s t i c 
recovery and v i s i b i l i t y e r r or and w i t h the correction f a c t o r added the 
points f a l l on a s t r a i g h t l i n e of the proper slope* As can be seen from 
Fig* 15 a f t e r corrections have been applied the hardness values at low 
loads seem to be rather e r r a t i c * 
Campbell, Henderson and Donleavy (1948) i n a consideration of the 
v a r i a t i o n of hardness w i t h load consider t h a t the t h e o r e t i c a l formula 
1 8544 x P* 
* ^2 holds at l i g h t loads i f the f o l l o w i n g premises hold: 
(a) Diamond i s perfect, the impression from a l i g h t load i s s i m i l a r 
i n shape t o impression made w i t h a heavy load* 
(b) Work hardening e f f e c t s during deformation are r e l a t i v e l y comparable 
to those at heavier loads. 
(c) E l a s t i c recovery does not s i g n i f i c a n t l y a l t e r the dimensions of 
the impressions a f t e r the removal of the penetrator* 21og d = log L + co nstant 
and i f the above conditions are met a p l o t o f log d / log L should be a 
s t r a i g h t l i n e w i t h a slope of 2. Results indicate t h a t v a r i a t i o n from 
above i s a measure of the lack of perfection of the diamond point f o r 
loads less than 50 grams ( F i g . 16)* I n view of the d i f f i c u l t y i n obtaining 
a perfect penetration point measurements made at low loads should be 
interpreted and used only w i t h caution* I t i s possible t h a t the a l t e r e d 
*. See J'4*. 
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shape of the t i p of the indenter has changed the t e s t i n such a way that 
the work hardening c h a r a c t e r i s t i c s of the material a f f e c t the resistance 
to penetration i n varying amount; the greater the work hardening capacity 
the greater w i l l be the s t r a i n hardening with increasing loads with t e s t s 
involving only the penetrater t i p . The s i z e of the impression at which 
the f i r s t observed decrease in hardness occurs i s not the same a t 
dif f e r e n t hardness l e v e l s , see F i g . 17. The standard i s the microhardness 
value a t 50 grams to 30 kilograms. The length of the diagonal a t which 
the i n i t i a l decrease i n hardness occurs i s greatest at the low hardness 
l e v e l , 20-22 microns a t 224 mH and 8-10 at 903 mH. 
Taylor (1948) recorded no v a r i a t i o n of hardness with applied loads 
from 1-200 grams. 
Rostoker (1950) studied the e f f e c t of applied load i n micro-indentation 
t e s t s . He found that the apparent hardness of copper decreases 
continuously with decreasing load and that the rate of decrease i s 
dependent on the capacity of the material for cold work. F i g . 18. The 
rule of s i m i l a r i t y normally applicable to pyramidal indenters breaks 
down. With a range of applied load from 25-200 grams the micro-hardness 
value i s seen to decrease with decreasing load - the greater the i n i t i a l 
degree of cold work the more rapid i s the decline of the hardness curve. 
The v a r i a t i o n of the diagonal with the applied load i s plotted on a 
log / log scale and the slope of these l i n e s i s the Meyer exponent ( n ) , 
F i g . 19. I n contrast the Meyer exponent as derived from macro-hardness 
te s t s with the B r i n e l l b a l l v a r i e s from 3 for the annealed state to 2 for 
high degrees of cold work. Therefore the pyramidal indenter with small 
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applied loads behaves in a s i m i l a r but reverse manner to a b a l l indenter 
with very high loads, F i g . 20. The authors present c e r t a i n observations 
which suggest that the process of surface penetration under l i g h t loads 
involves factors unapparent with high loads. Around the smaller impressions 
a large disturbed area i s noted, the r e l a t i v e magnitude of which increases 
with decreasing s i z e of the impression, t h i s e f f e c t represents the "pilingup" 
e f f e c t noted i n macro hardness t e s t i n g by Tolansky and N i c k o l l s . No 
evidence of the sinking in e f f e c t i s noted as i n macro-hardness* Rostoker 
favours d i s t o r t i o n as caused by e l a s t i c recovery as being the cause of low 
hardness values with l i g h t loads. O'Neill has shown that e l a s t i c recovery 
can reduce the i n i t i a l depth of penetration of a conical indenter by as 
much as 50$. I f t h i s upward movement was to cause a l a t e r a l thrust tending 
to widen the sides of the square impression a t the surface then the 
hardness numbers would be correspondingly reduced. 
Robertson and Van Meter (1951) considered that hardness values increase 
with l i g h t e r loads because the eye does not resolve the ends of the 
impressions c o r r e c t l y . The Bureau of Standards have given consideration 
to a recommendation that a f l a t increase of 3 microns be made to a l l 
measurements, for metals t h i s renders a l l hardness values with d i f f e r e n t 
applied loads the same, though with minerals other factors are involved. 
The authors do not consider that the v a r i a t i o n of hardness with load i s 
related to the e l a s t i c recovery of the impression, rather they contend that 
there i s no recovery along the long diagonal of a Knoop impression. The 
lower the hardness the more reproducable i t i s though some hard minerals 
give reproducable hardness values. 
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Nakhla (1956) reports an increase of hardness w i t h decreasing load 
but considers micro-hardness values determined using applied loads of 
200-300 grams as being diagnostic* see Fig* 21* 
Summary: The l i t e r a t u r e contains a large amount of c o n f l i c t i n g data 
on the v a r i a t i o n of microhardness w i t h the applied load* Tate (1945)* 
Thibault and Nyquist (1947)* Robertson and Van Meter (1951) and Nakhla 
(1956) report t h a t hardness numbers increase w i t h decreasing load* 
Bergsman (1948), Taylor (1948) and Associated Automation report hardness 
as being independent of load, while Campbell, Henderson and Donleavy (1948) 
and Rostoker (1950) present evidence t h a t hardness values decrease w i t h 
decreasing load. 
V a r i a t i o n of hardness w i t h o r i e n t a t i o n 
V a r i a t i o n of hardness w i t h o r i e n t a t i o n or hardness anisotropy has 
been recognised by various authors as mentioned i n the d e t a i l e d l i t e r a t u r e 
review* Their various observations are summarised b r i e f l y below* 
Winchell (1945) using a Knoop indenter noted hardness anisotropy i n 
b e r y l * corundum* s i l i c o n carbide, t a l c * t e t r a h e d r i t e and topaz, and 
Winchell (1946) recognised the v a r i a t i o n i n hardness of diamond w i t h 
o r i e n t a t i o n , a feature also recognised by Kraus and Slawson (1939)* 
Whittaker, Bare? and Slawson (1946), Grodzinski and Stern (1949) and 
Slawson and Kohn (1950). Winchell (1945) proposed that the o r i e n t a t i o n 
of the t e s t surface be defined as i n two c i r c l e goniometry by two co-
ordinate angles* 
Daniels and Dunn (1948) record the e f f e c t of o r i e n t a t i o n on Knoop 
hardness i n single crystals of zinc and s i l i c o n f e r r i t e * 
* See P*3e, \2S. 
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Taylor (1948) noted the form of the indentation varied with 
crystallographic orientation as the t e s t piece was rotated. 
Robertson and Van Meter ( l 9 5 l ) report a twofold v a r i a t i o n of 
hardness i n arsenopyrite and a f i v e f o l d v a r i a t i o n i n molybdenite and 
record hardness anisotropism i n s t i b n i t e , enargite, huebnerite and 
t e a l l i t e . 
Kohn, Cotter and Potter (1955) reporting on microhardness determin-
ations on tungsten carbide c r y s t a l s quote twofold variations on the 
prism face but no v a r i a t i o n was observed on the basal pinacoid. A 
Tukon microhardness t e s t e r using a Knoop indenter with a 100 gm. load 
was employed 
Nakhla (1956) reported that with loads up to 50 grams the hardness 
does not vary with differ e n t crystallographic d i r e c t i o n s . With loads 
greater than 50 grams the v a r i a t i o n increases i n d i f f e r e n t d i r e c t i o n s . 
Bowie and Taylor (1958) give orientated hardness values for some 
f i f t e e n minerals including pyrolusite and chalcophanite, values being 
quoted perpendicular and p a r a l l e l to the cleavage di r e c t i o n s * 
Butkovitch (1958) reports on B r i n e l l and scratch hardness on single 
i c e c r y s t a l s to be harder p a r a l l e l to than perpendicular to the'c'axis. 
Bloss, Shekarchi and S h e l l (1959) record hardness anisotropy on 
basal plates of synthetic and natural micas. Maximum hardness i s 
observed when the long a x i s of the indentation p a r a l l e l s the 'b' a x i s and 
minimum when p a r a l l e l to the 'a' a x i s . Hardness anisotropy i s interpreted 
i n terms of the ionic structure of the micas involved. 
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Summary of previous work on hardness t e s t i n g 
In hardness t e s t i n g the ideal i s adequately defined by Thibault 
and Nyquist (1947) as being "to attempt to obtain hardness values which 
are not only s e l f consistent but which agree rather c l o s e l y with the 
r e s u l t s obtained on the very same specimens by other careful q u a l i f i e d 
investigators using the same method in other l a b o r a t o r i e s A s can 
be seen from a review of the l i t e r a t u r e , i t i s apparent that a great 
number of conditions have to be f u l f i l l e d and factors considered, before 
t h i s ideal can be approached. 
Description and Calibration of Instrument 
General Description 
The instrument used in the present investigation was a micro-
hardness t e s t e r manufactured by Guest Keen and Nettlefolds, as used by 
Bowie and Taylor (1958). This instrument was designed to supplement 
the usual type of hardness t e s t i n g machine, as i t works on the same 
p r i n c i p l e , but operates with comparatively small loads. The t e s t i s 
made by pressing a square pyramid indenter (136° included angle between 
opposite faces) into the specimen with a known load, measuring the 
impression and obtaining the hardness value from t a b l e s . The following 
description i s from the booklet supplied by Associated Automation, Ltd. 
The instrument comprises a small beam suspended by two crossed f l a t 
springs, c a r r i e d by the lower rotating p l a t e . This beam c a r r i e s the 
diamond indenter and an e l e c t r i c a l contact; one end i s accurately bored 
to receive the weight spigot and a t the other end i s mounted a counter-
poise nut. This counterpoise nut provides a means of balancing the beam 
when no load i s placed at the spigot end. 
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To get an accurate indication of the point of balance of the beam 
both for c a l i b r a t i o n purposes and for normal use the e l e c t r i c a l contact 
mounted on the beam i s arranged to govern the l i g h t i n g of a miniature 
neon lamp.... When the beam i s in balance the e l e c t r i c a l contact 
j u s t r e s t s on the corresponding contact on the bridge. Mounted on the 
lover rotating plate are the two f l o a t i n g objective holders, with 
c e n t r a l i s i n g adjustments and the indexing spring, which p o s i t i v e l y indexes 
the plate i n three positions with respect to the upper mounting pla t e , 
giving two objective lens apertures and a t h i r d position for the diamond 
indenter. 
The micro-hardness t e s t e r i s secured to the microscope by the adaptor 
which passes through the upper mounting plate; t h i s screws into the 
microscope objective thread. Mounted on a bracket attached to i t i s the 
2-pin plug, which connects the instrument to the neon lamp and transformer. 
The lower rotating plate pivots on a b a l l race housed i n the upper mounting 
pla t e . 
The movement of the mechanical stage i s controlled by two screw 
micrometers having a range of 13 mm. reading to an accuracy of 0.01 mm. 
The stage platform may be rotated to any desired angle by releasing the 
clamping nut and using the accurately engraved bezel reading from 0 - 360° 
i n 1° d i v i s i o n s . Tests using the following weights can be ca r r i e d out; 
1, 3, 10, 30, 100 and 200 grams. 
Operation of the t e s t e r 
With a load placed on the beam and the indenter i n position 
but c l e a r of the surface of the specimen, the beam r e s t s on 
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the supporting bridge, making an e l e c t r i c a l c i r c u i t through the bridge 
contact and l i g h t i n g the neon lamp* I f the plate and the beam are now 
lowered u n t i l the indenter touches the surface of the specimen and the 
beam no longer rests on the support bridge, the e l e c t r i c a l c i r c u i t i s 
broken and the neon lamp w i l l glow wi t h reduced i n t e n s i t y . The f i n e 
focussing movement on the microscope i s used t o lower the indenter on 
to the specimen, the sudden reduction i n glow from the neon lamp indicates 
t h a t the correct load has been applied* Having made the indentation and 
l i f t e d the indenter clear of the specimen, one of the objectives i s 
rotated i n t o p o s i t i o n and the indentation can be observed and measured* 
(Before hardness tests can be carried out the screw micrometer eyepiece 
must be calibrated f o r a l l magnifications to be used)* Having converted 
the eyepiece reading t o microns the hardness values are derived from an 
expression o f which f o r the 136° diamond indenter may be w r i t t e n : 
„ gP Sin Q 
where BT = Diamond hardness 
P & Load i n Kilograms 
0 = Half the included angle of the pyramid 
D = Diagonal of the indentation i n millimeters 
Then we have „ 2 x px Sin68 
* 52 
1*8544 x P 
o r 
D2 
Calibration of the instrument 
P r i o r t o the commencement of hardness determinations i t i s necessary 
to c a l i b r a t e the screw micrometer eyepiece i n terms of l i n e a r distance. 
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The procedure i s described i n d e t a i l in the manual on the G.K.N* t e s t e r 
published by Associated Automation but for the sake of completeness w i l l 
be described b r i e f l y here. 
A stage micrometer with a 1 mm. scale divided into 100 parts, i s 
placed on the stage and the instrument focussed. The eyepiece f i t t i n g 
into the b a r r e l of the micrometer i s adjusted so that the h a i r l i n e s i n 
the eyepiece f i e l d are in focus. By rotating the external knurled knob 
on the screw micrometer the h a i r l i n e can be moved across the f i e l d . One 
revolution of the knurled knob, divided into 100 d i v i s i o n s , moves the 
h a i r l i n e one scale d i v i s i o n of the f i e l d , hence the distance between the 
short l i n e s on the fixed scale can be subdivided into 100 parts by means 
of the moving l i n e and micrometer thimble. The actual c a l i b r a t i o n may be 
made i n a v a r i e t y of ways: 
(a) by observing the l i n e a r distance covered on the 1 mm. s c a l e by 
the ten scale d i v i s i o n s of the f i e l d s c a l e , t h i s method could well give 
r i s e to erroneous r e s u l t s due to d i s t o r t i o n by the edges of the lens. 
(b) by observing the number of scale d i v i s i o n s of the f i e l d and 
micrometer thimble equivalent to say l/lO mm. 
and ( c ) by adjusting the draw tube of the microscope (not applicable to 
the Cooke Troughton and S i nans Metalore microscope) so that the s c a l e 
d i v i s i o n s of the f i e l d correspond to some simple f r a c t i o n of 1 mm. hence 
avoiding the necessity of applying a complex conversion f a c t o r . 
Methods "a" and "b M gave r e s u l t s as below with an objective of 
N.A. 0.65. 
(a) 10 d i v i s i o n s of the f i e l d scale are equivalent to 0.241 nans. 
- 115 -
(b) 0.1 mm. i s equivalent to 4141 scale d i v i s i o n s of the f i e l d 
scale. 
These values cross check very closely i n d i c a t i n g the lack of 
d i s t o r t i o n by the lens i n method "a". With the lens of N.A. 0.65 the 
absolute indentation length i n microns i s obtained by m u l t i p l y i n g scale 
d i v i s i o n s x 241. 
With the objective lens N.A. 1,3 the scale d i v i s i o n s correspond 
exactly with the l i n e a r scale; i . e . no correction f a c t o r need be applied. 
Accuracy and Precision of Method 
As noted i n the section reviewing previous work on hardness t e s t i n g 
various conditions have to be f u l f i l l e d t o obtain accurate hardness 
f i g u r e s . In so f a r as these apply to the current method they are 
considered and where possible estimates made of the o v e r a l l accuracy 
and r e p r o d u c i b i l i t y . 
The possible sources of error may be related t o 
(a) Apparatus 
(b) Nature of the t e s t material 
and (c) Operator. 
Apparatus 
1. Testing should be c a r r i e d out i n a v i b r a t i o n l e s s room. I t 
was found necessary to mount the microscope on a board supported by 
four shock absorbers. With the microscope standing d i r e c t l y on the 
bench e r r a t i c impressions were obtained due to closing of doors etc., 
and a generally poorer precision was obtained due to less obvious 
v i b r a t i o n s . 
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2. The balance must be accurately adjusted and the applied loads 
as stated* 
3. No evidence of v a r i a t i o n i n apparent hardness values was noted 
due to v a r i a t i o n i n the loading r a t e , although i n routine work a constant 
loading rate was employed* S i m i l a r l y no evidence of fside play* i n the 
indenter was noted* 
4* The surface of the t e s t piece should be perpendicular to the 
indentation d i r e c t i o n , although w i t h the Vickers indenter the assymetry 
of the impression i s not such a v i t a l feature as with the Enoop indenter* 
I n addition i t i s necessary f o r the surface to be horizontal so t h a t both 
ends of the impression diagonal are i n focus a t once* I n the present 
work the t e s t samples were l e v e l l e d by means of a Leitz press* 
5* A correction f o r the v i s i b i l i t y e r r o r due t o the lens system 
should be made i f more than one objective i s employed, however as only 
one objective was used i n the course of the present work t h i s problem 
does not a r i s e . P ^ P 0 ^ <* ~ ~ P » ~ ~ " ~",th " ° r k t A S c o r r e c + l ° n 
tctctoKS - v n j h b ke, K«.ccess*ry ' * *W, \&ns sysHma bu t ty d , M e * W . 
Nature of material 
The hardness value as determined should be representative of the 
t e s t sample. The extent t o which t h i s applies i s related t o the nature 
of the m a t e r i a l , i . e . imperfect p o l i s h , and various features departing 
from true homogeniety such as inclusions, imperfections and preferred 
d i s l o c a t i o n d i r e c t i o n s w i t h i n the mineral structure, cause a loss i n the 
precision of the method. 
The number of r e p l i c a t e determinations necessary to obtain a 
representative hardness f i g u r e depends on the degree of homogeneity 
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of the sample. I n the present study i t was found t h a t i n the normal 
case ten impressions gave adequate precision. 
Operator e r r o r 
Measurement spread 2Variations i n hardness determinations due to 
reading e r r o r s , are simply studied. Frequency plots of measurements 
made on single impressions on manganosite, jacobsite and b i x b y i t e 
indicate t h a t out of twenty f i v e r e p l i c a t e measurements on a single 
impression on each mineral b e t t e r than 65^ of the measurements correspond 
to the mean diagonal length, i n terms of scale divis i o n s of the f i l a r 
micrometer. A f u r t h e r 30^ l i e one scale d i v i s i o n on e i t h e r side of 
the mean and the remaining 5 t o 10^ l i e i n groups two scale d i v i s i o n s 
on e i t h e r side of the mean. The actual hardness value t h a t t h i s spread 
i n measurement i s equivalent t o i s c l e a r l y related t o the absolute value 
of the hardness. With the objective N.A. = 0,65 the maximum range i n 
measurement i s 5 scale d i v i s i o n s , equivalent t o 1.2 microns, which i s 
equivalent t o greater hardness differences the harder the mineral, 
see table 2, 
Table 2: Error from Single Measurement Hardness Determinations 
Mineral 
Manganosite 
Jacobsite 
Bixbyite 
Hardness 
319 
854 
1142 
Max. Range 
304 - 336 
792 - 933 
1040 - 1250 
Max. Error $ 
± 5 
+ 7.3 
+ 9.2 
With the high powered objective N.A. 1.3 the maximum spread of f i v e 
scale divisions i s here equivalent t o 0.5/u as dealt w i t h i n the section 
on the c a l i b r a t i o n of the instrument. 
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With regard to the overall r e p r o d u c i b i l i t y of the method ten 
impressions made with a 100 gjn. load on manganosite, jacobsite and 
bixbyite were measured, each diagonal being measured three times. The 
r e s u l t s indicate a spread extending over ten scale d i v i s i o n s with low 
powered objective N-A. = 0.65, twice the maximum spread noted in 
re p l i c a t e measurements of a single impression* 
I f now the mean diagonal lengths are plotted for each impression, 
the spread i s reduced to f i v e scale d i v i s i o n s . The frequency plot of 
mean diagonal length does not give much marked concentration when only 
20 items are considered but rather a broad s c a t t e r . I t i s f e l t that 
these s l i g h t variations outside the l i m i t s of measuring error are 
s i g n i f i c a n t and due either to very s l i g h t v a riations of hardness i n the 
mineral structure or to lack of s t a b i l i t y of t e s t conditions, see table 3. 
Table 3: Variation i n Hardness in Ten Impressions 
with H.P. Objective N.A. 1.3 
Mineral Mean Range Max. Yarn. % 
Manganosite 319 313 - 326 1.88 
Jacobsite 854 830 - 882 3.05 
Bixbyite 1142 1097 - 1187 3.95 
I t should be mentioned that the minerals used for t h i s aspect of the study 
were isometric and so s t r u c t u r a l l y homogeneous. When dealing with 
minerals possessing a strong l i n e a r property, i t was found the pre c i s i o n 
or r e p r o d u c i b i l i t y deteriorated somewhat. 
In the routine t e s t i n g of minerals, ten impressions were made on each 
sample, each diagonal being measured i n t r i p l i c a t e . In the event of any 
- 119 -
marked discrepancy i n diagonal s i z e being observed then t h i s impression 
•as disregarded i n the compilation of the r e s u l t s . The range of VHN 
was considered as being the range of the means of a l l the diagonals 
(10 items) and the mean hardness as the mean of a l l the diagonal 
measurements of the impression (60 items). 
Control hardness determinations: To determine whether the measurements 
made by the w r i t e r had a bias + or -ve, two specimens of bixbyite (2 and 
14) were sent to Associated Automation, Ltd. for check determinations. 
The r e s u l t s of hardness determinations made by E.R. H i l l of Associated 
Automation show a close correspondence with the r e s u l t s obtained by the 
w r i t e r with a 100 gm. load but whereas the w r i t e r obtained an increase 
of hardness with decreasing load, the hardness values of H i l l showed no 
v a r i a t i o n with applied load. Associated Automation ascribe t h i s 
increase of hardness with decreasing load to a tendency of the inexperienced 
observer to "read t i g h t " • This factor w i l l be discussed i n greater 
d e t a i l i n a l a t e r section. 
Table 4: Hardness Determinations on Bixbyite 
Applied Load Sample 2 Sample 14 
A B A B 
100 1081 - 1097 1081 - 1115 
(1097) 
1132 - 1187 1132 - 1168 
(1142) 
30 989 - 1020 1100 - 1190 
(1140) 
1140 - 1286 1190 - 1300 
(1240) 
10 1003 - 1051 1103 - 1219 
(1159) 
1051 - 1103 1219 - 1355 
(1284) 
A Detmns* by E.R. H i l l of Associated Automation, Ltd., 
B Detmns. by Nichol. 
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I t i s of utmost importance to avoid any bias i n the measuring of 
impressions because of the theor e t i c a l aspect of the method as a whole. 
The hardness values are derived from an expression of load / area which 
f o r the 136° diamond may be written 
2P S i n 0 H » 
where H - Hardness. 
P = Load in Kilograms. 
0 = Half the included angle of the pyramid. 
D = Diagonal of the indentation i n mms. 
T TT 1.854 3C P Then we have H = — 
and d i f f e r e n t i a t i n g with respect to D 
j§H -2KP 
m - D a 
~2H 
" T 
H D 
From t h i s then the error i n hardness number for a constant error of 
measurement of a diagonal i s d i r e c t l y proportional to the hardness of the 
mineral. Assuming a possible error of 0.5^ + i n the measurement of a 
diagonal length; i n the case of galena (V.H.N, of 74) an error of 
approximately 2$+ would be introduced whereas with chalcopyrite (V.H.N. 
198) the error would be 3.5$ and with bixbyite (V.H.N. 1097) an error of 
up to 8$ would be introduced. 
Considering now a mineral tested using d i f f e r e n t loads, assuming 
constant V.H.N, with varying load, the errors with 100, 30 and 10 gm. 
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loads with galena would be 2, 3.8 and 5.8$, for chalcopyrite 3.5, 6.1, 
and 10.6$, and for bixbyite 8.0, 17.4 and 30.0$. A possible solution 
to t h i s problem l i e s i n the selection of a minimum diagonal length, 
below which the constant error i n measurement exceeds the desired 
precision of the method. Other factors being equal by the adoption 
of such a system, i . e . increasing the applied load the harder the mineral; 
the precision of the determination could be kept within the desired l i m i t s . 
This solution i s not fe a s i b l e i n practice as the larger the impression 
on a given mineral the greater i s the tendency for fracturing to occur 
round the impression such fr a c t u r i n g giving erroneously low hardness 
values. S i m i l a r l y as a general r u l e , for a given applied load, the 
harder the mineral the greater i s i t s tendency to f r a c t u r e . Rather than 
increase the applied load with increasing hardness to maintain the diagonal 
length above a fixed minimum s i z e , i t i s rather a case of having to 
reduce the applied load to avoid shattering, with a corresponding l o s s 
i n p r e c i s i o n . 
To further t e s t personal factors hardness determinations were 
made on samples of minerals used i n Mohs' c l a s s i f i c a t i o n . Micro-
hardness values for these minerals have been quoted by E.W. Taylor (1949) 
and Bowie and Taylor (1958). The mean value of these various determinations 
are shown below together with those of the author. 
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Table 5t Vickers Hardness of Moha1 Scale of Hardness Minerals 
Mineral 
T a l c 
Gypsum (cleavage 
surface) 
C a l c i t e (cleavage 
surface) 
F l u o r i t e 
Apatite 
Ortboclase 
Quartz ( x optic a x i s ) 
Quartz (// optic a x i s ) 
Topaz 
Corundum 
Sapphire synthetic 
E.¥* Taylor S.H.U. Bowie K. Taylor I . Nichol 
47 
60 
136 
200 
659 
714 
1103 
1206 
1648 
2085 
2720 
43 
52 
126 
193 
552 
768 
1135 
1187 
1699 
2121 
43 
50 
118 
191 
560 
764 
1132 
1180 
1640 
2108 
40 
50 
115 
184 
560 
760 
1130 
1175 
1650 
2150 
The specimens were mounted i n p l a s t i c i n e and the t e s t s c a r r i e d out 
using a 100 gm. load for a l l minerals except t a l c and gypsum* Results 
obtained i n the present study correspond c l o s e l y with figures quoted by 
e a r l i e r authors considering the material tested was chosen a t random from 
the departmental c o l l e c t i o n * 
Application of Indentation C h a r a c t e r i s t i c s i n Mineral I d e n t i f i c a t i o n 
As mentioned i n the description of the apparatus, the form of the 
indenter i s a square based pyramid with an i n t e r f a c i a l angle of 136° -
from t h i s i t would be expected that impressions would be square i n outline 
with the shoulders of the pyramidal indenter forming the diagonal traces* 
* Hardness values obtained with applied load 30^ms. 
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This i s the case with only a minority of minerals a f a c t noted by Bowie 
and Taylor (1958), who recognised the diagnostic value of the shape 
of the impression i n distinguishing between two minerals of s i m i l a r 
hardness* Although the hardness range of chalcopyrite and pentlandite 
i s s i m i l a r the two minerals may be r e a d i l y distinguished according to the 
form of the impression, that of chalcopyrite being perfect with s t r a i g h t 
edges whereas the pentlandite impression i s d i s t i n c t l y concave. 
Following Bowie and Taylor (1958) the form of the indentations may 
be c l a s s i f i e d i n a general way as follows: 
(1) perfect i . e . straight edges 
(2) concave i . e . edges curving i n towards the center of the impression 
(3) convex i . e . edges curving outwards from the impression 
(4) concavo - convex i . e . a combination of types 2 and 3. 
I t should be r e a l i s e d that such a c l a s s i f i c a t i o n only applies in a 
broad sense a p a r t i c u l a r impression may display combinations of two of the 
forms l i s t e d above. 
That the form of the impression was related to s t r u c t u r a l properties 
and more p a r t i c u l a r l y to d i r e c t i o n a l properties of the minerals has been 
recognised by previous workers. Tertsch (1950) and Gottardi (1951) 
noted a v a r i a t i o n i n the form of the impression with orientation on 
c a l c i t e , the l a t t e r worker concluding that e l a s t i c and p l a s t i c properties 
show maxima and minima at right angles to one another. 
Mott (1956), in an attempt to account for the d i f f e r e n t forms of 
the impressions, recognised two methods of displacement of material during 
hardness t e s t i n g i . e . " p i l i n g up" and "sinking i n " . The l a t e r a l 
displacement or p i l i n g up Mott considered gave r i s e to a convex impression 
whereas the v e r t i c a l displacement or "sinking i n " gave r i s e to a concave 
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impression. Subsequent e l a s t i c recovery on removal of the indenter 
would lead to a reduction i n the strength of the convexity or concavity. 
I n addition to the actual form of the impression providing c r i t e r i a 
f or the i d e n t i f i c a t i o n of minerals, the actual q u a l i t y of the impression 
i s of importance. The quali t y of the impression r e f l e c t s the nature of 
the deformation mechanism within the c r y s t a l l a t t i c e , the l a t t e r f a c t o r 
i t s e l f being related to the atomic structure and bonding of the c r y s t a l . 
Deformation may be regarded as occurring i n three phases, e l a s t i c and 
p l a s t i c deformation and f i n a l l y by rupture. E l a s t i c deformation i s 
expressed by the e l a s t i c recovery of the impression whereas p l a s t i c 
deformation i s represented by compensation along preferred directions 
within the c r y s t a l structure, and rupture represented by displacement 
beyond the p l a s t i c l i m i t when the c r y s t a l structure i s broken down. The 
q u a l i t y of the impression then i s la r g e l y a r e f l e c t i o n of the type of 
movement i n the t e s t piece. The shape and c h a r a c t e r i s t i c s of an impression 
can be regarded as an expression of the d i r e c t i o n a l properties of the 
mineral which in turn dictate the type of movement occurring within the 
c r y s t a l s t r u c t u r e . 
From t h i s then one might expect that minerals of s i m i l a r structure 
and bond type would display s i m i l a r indentation c h a r a c t e r i s t i c s . I t 
might be concluded that indentation c h a r a c t e r i s t i c s for a given mineral 
may be diagnostic when compared to a second mineral of s i m i l a r hardness. 
In t h i s way indentation c h a r a c t e r i s t i c s may be used i n a general way as 
an a i d to mineral i d e n t i f i c a t i o n . The unqualified use of these c r i t e r i a 
i s dangerous because of the dependence of indentation characters on the 
p a r t i c u l a r conditions of the t e s t . 
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(1) The form and character of an impression may be alter e d by 
varying the applied load. Bixbyite when tested with a 100 gm. load 
shows s h e l l f ractures surrounding the impression. S i m i l a r l y i n minerals 
with a prominent cleavage d i r e c t i o n e.g. hollandite, cleavage f r a c t u r e 
developes when tested with a 100 gm. load. In addition to a l t e r i n g the 
form of the impression, the f a c t that the p l a s t i c l i m i t has been exceeded 
w i l l give erroneously low hardness values. 
(2) As the form of the impression i s related to the d i r e c t i o n a l 
properties of the mineral, any anisotropy in bond strength, displayed 
in planes of p r e f e r e n t i a l movement w i l l lead to a va r i a t i o n i n the form 
of the impression with c r y s t a l orientation. 
Variation of Hardness with Applied Load 
In the present study the microhardness values of a s e r i e s of minerals 
were determined with applied loads of 10, 30 and 100 gms. The r e s u l t s as 
shown i n F i g . 22 indicate an apparent increase of hardness with decreasing 
applied load. This phenomenon or the converse e f f e c t i . e . a decrease of 
microhardness with decreasing load has been observed by the e a r l i e r workers 
mentioned previously and discussed in greater d e t a i l a t the beginning of 
the present chapter. I t i s not surpris i n g therefore that a number of 
rather c o n f l i c t i n g explanations have been proposed to account f or the 
va r i a t i o n of hardness with applied load. I t i s necessary to re-examine 
these explanations in the l i g h t of the current r e s u l t s to see whether the 
problem i s any nearer a d e f i n i t e solution. 
The v a r i a t i o n of hardness with applied load may be due to the following 
features: 
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(1) A subjective error introduced i n the measuring of the 
impression. 
(2) An error i n measurement of the impression introduced by 
employing objectives of d i f f e r e n t numerical aperture. 
(3) A property of the mineral• 
These points w i l l be considered in turn. 
Subjective error 
Should such an error e x i s t i t would be due to the eyes i n a b i l i t y 
to resolve the ends of the impressions correctly, or a tendency for the 
observer to give the measurements a p o s i t i v e or negative b i a s . By v i r t u e 
of the geometry of the indenter the ends of the impressions of the Knoop 
indenter (L:B::7:l) are more d i f f i c u l t to locate than the ends of the 
diagonals of the Vickers impressions with a square base. I f t h i s was 
the cause of the v a r i a t i o n of hardness with applied load, an e r r a t i c 
v a r i a t i o n of hardness would be expected rather than one showing a constant 
trend. Hence t h i s i s not regarded as being the cause of the v a r i a t i o n . 
The p o s s i b i l i t y of personal bias on the part of the observer has 
already been dealt with i n the paragraph dealing with accuracy and 
pre c i s i o n , where hardness values of bixbyite determined by the writer 
correspond with those obtained by E.R. H i l l of Associated Automation, Ltd. 
for an applied load of 100 gms. This i s not the case with the values 
obtained with the 30 and 10 gm. loads. The r e s u l t s obtained by the w r i t e r 
show an increase of hardness with applied load due, i t was suggested by 
Associated Automation, to a tendency for the w r i t e r to 'read t i g h t ' . 
To investigate the v a l i d i t y of t h i s suggestion, the l i n e a r correction 
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necessary to be added to the diagonal length for the impressions of the 
10 and 30 gm. loads so that the hardness values for the 10, 30 and 100 gms. 
loads to be s i m i l a r were calculated. These values are plotted on Fig.22 
with the hardness / applied load. I t i s apparent that the correction 
factor requiring to be applied i n order to equate hardness values 
determined at various loads i s d i f f e r e n t for d i f f e r e n t minerals. The 
same conclusion also applies to the hardness values of Nakhla (1956), 
see F i g . 21 . This rather d i s c r e d i t s the suggestion that the hardness/ 
load v a r i a t i o n i s due to a personal b i a s . 
Measurement error due to varying resolution of objectives 
Tarasov and Thibault (1947) drew attention to the errors introduced 
by using objectives of varying numerical apertures. Such i s only 
necessary in measuring indentations of widely d i f f e r e n t s i z e . The 
hardness measurements i n the present work were a l l c a r r i e d out with 
an objective of numerical aperture 1.3 so no further consideration 
requires to be given to t h i s point. 
Property of the mineral 
As mentioned previously the 'nature' of the deformation i n hardness 
t e s t i n g i s progressively by e l a s t i c deformation, p l a s t i c deformation 
and in extreme cases by f r a c t u r e . From the simple s t r e s s / s t r a i n 
diagram i t i s apparent that only within the region of p l a s t i c deformation 
i s there a proportionality of s t r e s s to s t r a i n , hence a l l s i g n i f i c a n t 
hardness determinations must be made within t h i s zone. To obtain 
p l a s t i c deformation a certain threshold s t r e s s (the e l a s t i c l i m i t ) has 
to be exceeded and on removal of the s t r a i n a ce r t a i n amount of e l a s t i c 
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recovery must take place. I a a case such as t h i s then the hardness 
value determined by measuring the impression would be the measured 
hardness (Km) i n contrast to the unrecovered hardness (Ku) of Tarasov 
and Thibault (1948) determined from a measure of the impression p r i o r to 
e l a s t i c recovery. Returning to F i g . 22 showing the load / hardness 
v a r i a t i o n and the value i n microns to be added to the diagonal lengths 
of the 10 and 30 gins, impressions to equate t h e i r hardness values to that 
obtained with the 100 gm. load, i t i s noted that the differ e n t minerals 
have c h a r a c t e r i s t i c correction f a c t o r s , and that the softer minerals 
appear to display a greater "correction f a c t o r " than the harder minerals. 
I f t h i s correction factor i s i n f a c t a measure of the e l a s t i c recovery, 
related to Young's modulus, i t i s to be expected that differences would 
be displayed by d i f f e r e n t minerals. The "correction f a c t o r s " on F i g . 22 
indicate that with a p a r t i c u l a r mineral the same correction has to be 
added to a l l diagonal measurements. The r e s u l t of neglecting applying 
such a correction would r e s u l t i n an apparent increase of hardness with 
decreasing load, due to the correction factor forming proportionally 
more of the diagonal length as the load i s decreased. I t appears then 
that i f we consider t h i s "correction fa c t o r " to be e l a s t i c recovery then 
the amount of recovery i s independent of the s i z e of t i e impression, 
which i s in agreement with Tarasov and Thibault (1947) and Schulze (1954), 
but in contrast to Grodzinski (1952) and Winton (1956). 
Conclusions 
I t has been shown that v a r i a t i o n s i n hardness with applied load are 
r e a l in terms of the method. The p o s s i b i l i t y that in some way they might 
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be due to subjective errors has been discounted. The v a r i a t i o n i n 
hardness/load i s best explained as due to the basic method taking no 
account of the e l a s t i c properties of the mineral, and neglecting t h i s 
leads to an apparent increase of hardness with decreasing load. 
Applying such a correction would be tedious and slow and i t seems 
pe r f e c t l y s a t i s f a c t o r y to quote the uncorrected (Km) hardness values 
together with the applied load. 
Variation of Hardness with Crystal Orientation 
In the course of the present work hardness t e s t s have been c a r r i e d 
out on f i v e mineral types, pyrolusite, manganite, f r a n k l i n i t e , 
chalcophanite and hollandite. The r e s u l t s obtained confirm e a r l i e r 
r e s u l t s . These v a r i a t i o n s i n hardness with orientation are related 
to anisotropism i n bond strength within the c r y s t a l l a t t i c e , allowing 
displacement of the c r y s t a l l a t t i c e to occur along cer t a i n preferred 
d i r e c t i o n s , cleavage planes e t c . I t i s the disposition of these 
preferred movement directions within the c r y s t a l , r e l a t i v e to the 
indenter, which control the hardness i n a p a r t i c u l a r d i r e c t i o n . Where 
cleavage traces or other planes allowing movement are p a r a l l e l or 
perpendicular to the indentation d i r e c t i o n then no shearing s t r e s s can 
be developed along them, thus giving r i s e to high hardness values 
r e l a t i v e to when the cleavage traces are at 45° to the indentation 
d i r e c t i o n thus allowing the development of maximum shearing s t r e s s . 
I n conclusion then the fundamental cause of hardness anisotropy i s the 
anisotropy of the atomic structure of the c r y s t a l l a t t i c e . The 
- 131 -
d e t a i l s of hardness anisotropy pertaining to the f i v e minerals 
considered from t h i s aspect are dealt with i n the succeeding pages. 
Pyrolusite 
Considerable v a r i a t i o n of hardness with orientation was observed 
in a sample of pyrolusite from Om Bogma. With applied loads of 
100 gms. on sections orientated p a r a l l e l to 'c 1 f r a c t u r i n g occurs 
p a r a l l e l to the cleavage, giving r i s e to erroneously low hardness 
values perpendicular to the prominent cleavage d i r e c t i o n . With the 
30 gm. load the difference in hardness between the two directions 
p a r a l l e l and perpendicular to the cleavage) i s much smaller due to a 
l e s s e r tendency for fracturing to occur along the cleavage d i r e c t i o n . 
Face Range Mean 
001 272 - 318 303 
110 or 010 x c 7 6 - 9 9 84 
//c 259 - 280 272 
The impressions on the 001 face showed f r a c t u r i n g whereas only i n 
cases of extreme deformation was fr a c t u r i n g observed on the 100?010 
face. This feature i s probably due to the disposition of the shearing 
s t r e s s d i r e c t i o n to the cleavage t r a c e s . On the 001 face, no shearing 
developes along the perfect ( l l O ) cleavage traces, whereas the l a t t e r 
are a t 45° to the indentation d i r e c t i o n i n the case of 100 and 010. 
Manganite 
A specimen of manganite from I h l f e l d , The Harz, Germany, was 
studied from the aspect of v a r i a t i o n of hardness with orientation -
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the specimen being studied i n three orientations, 100, 010 and 001. 
Dana from Mugge (1922) reports manganite to have a perfect cleavage 
(010) with t r a n s l a t i o n gliding occurring along 010 and perpendicular 
to 001. Less perfect cleavage directions occur ( l io) and (OOl). 
The configuration of the various planes of movement to the 
indentation d i r e c t i o n i n the three orientations studied i s as follows: 
100. The (010) t r a n s l a t i o n glide planes are p a r a l l e l to the 
a. rid a l s o pa.r<*Ue\ 
indentation direction whilst the 001 cleavage i s perpendicular, hence 
in both cases no shearing s t r e s s component i s developed during indentation 
on the 100 surface. ( l io) cleavages occur a t approximately 45° to the 
indentation d i r e c t i o n . 
010. The s i t u a t i o n i s s i m i l a r to that of the (100) face except 
that the tr a n s l a t i o n plane direction i s perpendicular to the indentation 
d i r e c t i o n . 
001. The (010) glide planes and ( l l O ) cleavage direction k a ^ e . 
p a r a l l e l to the indentation d i r e c t i o n and the 001 cleavage i s perpendicular 
to the indenter. 
The r e s u l t s obtained on the manganite sample are as shown below: 
Sample Face Range Mean 
26 D 100 //b 
// 
010 / / 
// 
001 / / 
/A 
613 
782 
642 
613 
665 
642 
630 
650 
697 
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The r e s u l t s indicate a considerable overlap of hardness values of 
the three orientations studied, the greatest hardness anisotropism being 
displayed on the 001 face. The mean hardness of each face suggests 
that the order of decreasing hardness i s 001 > 100 > 010. The 
difference i n hardness of the 100 and 010 faces, i f s i g n i f i c a n t , i s 
probably due to d i f f e r e n t i a l ease of movement along the (010) 
tr a n s l a t i o n planes. The strong anisotropism of hardness on the 001 
face must be s i m i l a r l y due to v a r i a t i o n i n the ease of movement with 
orientation. 
F r a n k l i n i t e 
Three specimens of f r a n k l i n i t e were studied i n di f f e r e n t orientations. 
The r e s u l t s as below indicated that the hardness was greater on the 
100 face than on the 111 faces. 
Sample Face Range Mean 
13 100 824 - 835 827 
M 111 792 - 813 803 
8863 100 803 - 835 824 
111 772 - 792 782 
8875 100 804 - 847 824 
» 111 772 - 792 782 
Chalcophanite 
Chalcophanite occurs i n tabular c r y s t a l s (0001) or with (0001) 
and ( l O l l ) equally developed to give an octahedral habit, both habits 
displaying a well developed (0001) cleavage. The chalcophanite 
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examined in the present study displayed a tabular habit with the 
tabular c r y s t a l s arranged on edge. Marked micro-hardness anisotropism 
was apparent on the faces examined 75 VHN perpendicular to 0001 and 
130 VHN p a r a l l e l to 0001. No sections perpendicular to 'c' were 
available for examination. 
Hollandite 
Hollandite, tetragonal or pseudotetragonal, has a well developed 
( l l O ) cleavage, the cleavage fragments displaying s t r i a t i o n s on the 
cleavage faces. Coarsely c r y s t a l l i n e material, from Kajlidongri 
mine, Jhabua State, CP., India, provided excellent material for study. 
The r e s u l t s obtained are s e t out below: 
Face Range Mean 
001 572 - 592 579 
100 X C 530 - 560 548 
//C 606 - 665 627 
The lower hardness value (548) perpendicular to the 'c' d i r e c t i o n 
i s a r e f l e c t i o n of the disposition of the (110) cleavage t r a c e s . 
The ( l l O ) cleavage traces are at 45° to the 1 0 0 face. No such 
planes of resolution e x i s t r e l a t i v e to the diagonal p a r a l l e l to 
•c', hence the hardness value i n t h i s direction i s somewhat higher 
(627). The 001 direction i s somewhat higher (627). The 001 face 
displays an intermediate hardness value. 
General Hardness Determinations 
Hardness values for the manganese minerals are presented i n Table 6 
and F i g . 23, together with the values of e a r l i e r workers. The hardness 
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Table 6 Micro-hardness Determinations 
Bowie & Taylor Nakhla Nichol 
(1958) (1956) 
Maoganosite — — 319 
Bixbyite 1018 — 1097 
1097 
1142 
Braunite 595 1009 1097 
772 1132 
782 
Pyrolu s i t e 252 _ 272 
76 — 84 
292 — 303 
2f to0o - Nautite* _ 1033 
1267 
Pyrochroite mm 236 
Manganite 410 557 698 
724 
620 
650 
Psilomelane* 572 772 599 
634 
Groutite 627 
F r a n k l i n i t e 703 
803 
824 
824 
827 
Jacobsite 734 _ 698 
854 
Hausmannite 587 542 585 
606 
657 
560 
572 
Hetaerolite _ mm 642 
Crednerite mm 342 
Chalcophanite 120 _ 75 
130 
Coronadite * 784 _ 585 
707 
Hollandite 620 — 579 
548 
627 
Cryptomelane* — — 988 
698 
642 
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values show a close correspondence t o the values of Bowie and Taylor 
(1958) w i t h a few notable exceptions, both braunite and manganite g i v i n g 
consistently higher values than recorded by Bowie and Taylor. The 
foll o w i n g minerals f o r which hardness determinations have not previously 
been quoted have been examined and t h e i r hardness measured pyrochroite, 
manganosite, crednerite, h e t a e r o l i t e , g r o u t i t e , f r a n k l i n i t e , cryptomelane 
and XMnOg - n s u t i t e . 
There i s no doubt t h a t micro-hardness t e s t i n g has considerable 
importance as a t o o l i n general mineral i d e n t i f i c a t i o n and i n the 
f i e l d of metallurgy. With regard to i t s application t o providing a 
key f o r the i d e n t i f i c a t i o n of manganese minerals, by v i r t u e of the 
mode of occurrence of these minerals hardness t e s t i n g has severe 
l i m i t a t i o n s . The hardness determinations made on the general s u i t e 
of minerals studied indicate t h a t manganese minerals show a range i n 
mean hardness values from 75 i n chalcophanite to 1267 i n a specimen 
of t MnOg - n s u t i t e , however the more frequently occurring show a 
much more r e s t r i c t e d range i n hardness values. Pyrolusite may be 
distinguished from the other commonly occurring dioxides by i t s low 
hardness 84 - 303 according to o r i e n t a t i o n * Hardness determinations 
however are of l i t t l e help i n d i s t i n g u i s h i n g s p e c i f i c minerals of the 
psilomelane, cryptomelane, coronadite and hollandite group, as the 
group displays a range of mean hardness values from 572 to 988 with 
considerable overlap w i t h i n the range. 
A f u r t h e r weakness of hardness t e s t i n g when applied t o t h i s group 
of minerals which probably accounts f o r the considerable range i n 
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hardness determinations i s that they occur i n massive fine grained 
intergrowths• The hardness t e s t s then are a measure of the hardness 
of the intergrovth rather than the actual c r y s t a l structures, a 
feature which one might expect to display considerable v a r i a t i o n . 
Conclusions 
I t has been demonstrated i n the foregoing chapter, the various 
features a f f e c t i n g the hardness of a mineral. I t i s apparent that for 
hardness values to be of greatest significance various features or 
conditions of the t e s t must be reported with the actual hardness data. 
These w i l l be dealt with summarily: 
Shape and character of impression 
I n so f a r as such a description may be an aid i n the i d e n t i f i c a t i o n 
of a mineral the f u l l e s t description should be given. 
Load 
In view of the v a r i a t i o n of hardness with the applied load i t i s 
desirable as f a r as i s possible to standardise on a p a r t i c u l a r t e s t 
weight for routine hardness determinations. Where a di f f e r e n t load 
i s necessary by v i r t u e of the grain s i z e , or due to fr a c t u r i n g caused 
by a heavier load the load applied should be recorded. 
Orientation 
Where the hardness value r e f e r s to a mineral possessing hardness 
anisotropy then the direction to which the hardness value ref e r s should 
be stated. 
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CHAPTER VI 
OPTICAL DETERMINATIONS 
Theoretical Consideration of R e f l e c t i v i t y 
I n the case of a p e r f e c t l y transparent i s o t r o p i c body, the r e f l e c t i o n 
c o e f f i c i e n t V a t normal incidence depends only on the r e f r a c t i v e index 
of the body "n" and that of the medium "N" as established by Fresnel. 
- • v " > o - ^ ( i ) 
"N" i n the case of vacuo i s u n i t y and can also be regarded as such when 
the medium i s a i r * 
I n the case of a p e r f e c t l y transparent anisotropic medium there 
are two r e f l e c t i v i t i e s * a maximum and minimum according to which p r i n -
c i p a l d i r e c t i o n i s observed* Formula 1 i s then modified as follows: 
(»! - N)2 
R (o) 
1 100 ( n 2 • N)2 
r R Uo - N) 
2 
2 # # # ••• (3) 
2 1 0 0 
where r^ and are the maximum and minimum r e f l e c t i v i t i e s and and 
n 9 are the maximum the minimum r e f r a c t i v e indices* 
2* 
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For vibr a t i o n s making an angle <=< wit h the d i r e c t i o n of r e f l e c t i n g 
power Tg, the r e f l e c t i n g power r i s given by a curve given by the 
equation: 
— — = rAcos*oc + r.sinoc • •« «•• (4) 100 2 1 
I f the substance i s not p e r f e c t l y transparent these equations 
do not apply. P a r t i a l transparency causes a diminution i n i n t e n s i t y 
of the l i g h t wave penetrating the medium and the r e f l e c t i o n c o e f f i c i e n t 
now depends upon the absorption index "K" as well as the r e f r a c t i v e 
index of the substance* I n the case of an i s o t r o p i c mineral the 
r e l a t i o n can be expressed i n the f o l l o w i n g expression: 
_ B (n - N ) 2 • . ¥ ( . 
1 0 0 (n * n ) • A 2 
The t h e o r e t i c a l treatment of the behaviour of l i g h t waves w i t h i n 
absorbing c r y s t a l s i s most complex. Berek (1937) defined the v a r i -
ous properties of r e f r a c t i v e indices, r e f l e c t i o n and absorption coef-
f i c i e n t s by a complex e l l i p s o i d , which cannot however be represented 
as a geometrical f i g u r e * I f the o p t i c a l properties are referred to 
a geometrical complex i n d i c a t r i x where the wave vi b r a t i o n s f o r each 
component are plane polarised and the p r i n c i p a l d i r e c t i o n s i d e n t i f i e d 
then the r e f l e c t i o n c o e f f i c i e n t along the p r i n c i p a l directions are: 
( 0 l - N ) 2 - n ^ f 
i \ = -JL = (6) 
1 0 0 ,2 2 2 ( n 2 + N) • 1^ K| 
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r R (7) 
I t i s clear from equations 5, 6 and 7 that by determining the 
r e f l e c t i v i t i e s of a substance i n media of d i f f e r e n t r e f r a c t i v e index, 
i t i s possible to calculate the r e f r a c t i v e and absorption indices of 
the substance. From the equations of the r e f l e c t i v i t y of an i s o t r o p i c 
absorbing substance i n terms of the r e f r a c t i v e indices and absorjjfior? 
index i t i s possible to derive expressions i n terms of "n" and "K" as 
below: 
(N 2 - l ) / 2 
n * ; — ... ... (8) 
1 + r 1 + r 
N °- a 
1 " r . 1 " r a 
r (a * l ) 2 - (a - l ) 2 
K = • •• • •• (9) 
a 2 ( l - rj 
History of R e f l e c t i v i t y Determinations 
The f i r s t measurements were made by the simple visual compar-
ison with standard surfaces, Inostranzeff (1885). I n 1920 Schneider-
hohn suggested the use of the Ostwald colour scale* The importance 
of a q u a n t i t a t i v e method f o r the determination of r e f l e c t i v i t y was 
emphasised by Glasser (1924) and Graber (1925). Orcel (1927) descri-
bed the use of a photometer w i t h a photoemissive c e l l f o r the quanti-
t a t i v e determination of r e f l e c t i v i t y and used t h i s method to measure 
the r e f l e c t i v i t y of a large number of minerals. Berek (1931 and 193)5) 
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designed a vis u a l photometer and Cissarz used t h i s i n his measurements* 
Hamdohr (1934) described a pboto-electric photometer based on the use of 
a b a r r i e r layer c e l l , and i n 1937 Malmquist described a photometer 
incorporating two b a r r i e r layer c e l l s arranged i n opposition to one 
another* Capdecomme (1939) reviewed a l l the methods h i t h e r t o described 
and paved the way f o r numerous improvements* Polinsbee (1949) reports 
the r e f l e c t i v i t y of a large number of ore minerals using a photographic 
exposure meter as the l i g h t i n t e n s i t y recorder. Shaw and Chandra (1953), 
Broadbent and Shaw (1955) and Siever (195?) report the use of a photo-
m u l t i p l i e r f o r r e f l e c t i v i t y measurements and t h e i r r e s u l t s are of 
considerable accuracy. Murchison (195]?) reports on the use of a Berek 
photometer f o r measuring r e f l e c t i v i t y i n coal. Bowie and Taylor (1958) 
employed a selenium b a r r i e r layer c e l l f o r the determination of white l i g h t 
r e f l e c t i v i t i e s i n ore minerals* 
Description and Appraisal of Methods of R e f l e c t i v i t y Measurement 
Photometric methods 
I n t h i s method the brightness of image of the unknown i s matched 
wit h a f i e l d whose l i g h t i n t e n s i t y can be varied over a wide range, 
the lower end being completely dark. There are two main designs 
of apparatus based on t h i s p r i n c i p a l . I n the Berek photometer the 
f i e l d i s composed of two semi-circular areas one of which i s the 
unknown w h i l s t the other i s the variable f i e l d , the l i g h t i n t e n s i t y 
of the l a t t e r being co n t r o l l e d by a moving Nicol prism. I n the photo-
meter designed f o r Cooke, Troughton and Simms by A.F. Hallimond the compari-
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son area i s placed c e n t r a l l y and i s surrounded by the image of the 
ob j e c t . As i n the Berek photometer the l i g h t i n t e n s i t y o f the com-
parison area i s c o n t r o l l e d by the degree o f crossing o f Ni c o l s . 
P h o t o e l e c t r i c Methods 
As i s the case i n the photometric methods the brightness o f 
the unknown and standard substances are compared. I n t h i s case the 
l i g h t from the surface i s converted i n t o e l e c t r i c a l energy and i t 
i s t h i s e l e c t r i c a l energy which i s a c t u a l l y measured. Three types 
of p h o t o e l e c t r i c c e l l s e x i s t , the photoemissive, the photo conduc-
t i v e and the p h o t o v o l t a i c . The f i r s t two mentioned have h i g h i n t e r -
n a l resistances and so give low current outputs. I n a d d i t i o n the 
photoconductive type gives a non-linear response, and the photoe— 
missive type does not have a peak s e n s i t i v i t y corresponding t o t h a t 
of the human eye. The ph o t o v o l t a i c type has low i n t e r n a l resistance 
and peak s e n s i t i v i t y near t o t h a t o f the human eye. The cu r r e n t i s 
sent i n t o the e x t e r n a l c i r c u i t by the voltage generated i n the c e l l 
and under normal conditions i t gives a l i n e a r response. The current 
generated can be measured i n milliamps r a t h e r than micro amps i n the 
case of the photoemissive and photoconductive types of c e l l * I n t h i s 
way the p h o t o v o l t a i c c e l l may be connected d i r e c t l y t o a galvanometer 
but because of the small currents t o be measured the galvanometer 
must be a h i g h l y s e n s i t i v e type* I f a p h o t o m u l t i p l i e r replaces the 
p h o t o e l e c t r i c c e l l then by nature o f the stronger current t h a t i t 
generates f o r a given l i g h t f l u x , r e l a t i v e t o the p h o t o v o l t a i c c e l l , 
i t i s possible t o incorporate a more robust galvonometer* A photo-
m u l t i p l i e r tube i s e s s e n t i a l l y a s e l f a m p l i f y i n g photoemissive c e l l , 
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operating i n the f o l l o w i n g way. L i g h t s t r i k i n g the primary sensi-
t i v e surface releases electrons i n t o any e l e c t r i c f i e l d t h a t i s 
provided by high tension b a t t e r i e s * The f i e l d i s arranged so t h a t 
the electrons released from the f i r s t surface are accelerated and 
then s t r i k e a second surface, each e l e c t r o n s t r i k i n g the second 
surface releases several e l e c t r o n s . This procedure repeats i t e e l f 
i n each stage of the p h o t o m u l t i p l i e r w i t h the r e s u l t t h a t a very 
large number of electrons are d e l i v e r e d by the tube f o r each photo-
e l e c t r o n l i b e r a t e d by the f i r s t surface. Because of t h i s the g a l -
vonometer can be a r e l a t i v e l y robust type. The s e n s i t i v i t y o f 
p h o t o m u l t i p l i e r tube i s shown i n f i g . 3 1 , and show t h a t the peak 
s e n s i t i v i t y i s g e n e r a l l y i n the 4000A - 5000ft range, below t h a t o f 
the human eye. However even w i t h t h i s drawback the photomultimplier 
seems t o be the most s a t i s f a c t o r y . 
Consideration of R e l a t i v e M e r i t s of the photometric and 
p h o t o e l e c t r i c methods 
Perhaps the most s a t i s f a c t o r y way to compare the r e l a t i v e 
m e r i t s of the two methods i s to make a d i r e c t comparison of r e s u l t s 
obtained from the same specimens. This has been undertaken by Shaw 
and Chandra (1953) and Wege (1954) w i t h reference to the c o n s t i t -
uents of coal. The r e s u l t s obtained by the two methods do not d i f f e r 
s i g n i f i c a n t l y , and so i t i s concluded t h a t r e s u l t s from the two meir-
hods are comparable. Characteristics of the p h o t o e l e c t r i c method are 
as below: 
(a) The e n t i r e f i e l d of the specimen must be homogeneous and 
scratch f r e e as the p h o t o e l e c t r i c method i s i n no way s e l e c t i v e . 
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I n the case of photometric methods a very small area w i t h i n the 
f i e l d may be compared w i t h the comparison area* 
(b) A c r i t i c i s m o f the p h o t o e l e c t r i c method i s t h a t w i t h -
out the a d d i t i o n o f a beam s p l i t t e r t o the apparatus i t i s not pos-
s i b l e t o carry out a petrographic analysis a t the same time as the 
r e f l e c t i v i t y measurements* 
(c) P h o t o e l e c t r i c methods do not in v o l v e the matching o f 
l i g h t i n t e n s i t i e s by the human eye, but make a mechanical assess-
ment of the l i g h t i n t e n s i t y * I n t h i s way they may be considered t o 
be e s s e n t i a l l y o b j e c t i v e methods whereas the photometric methods 
may be considered t o be s u b j e c t i v e methods* 
I n the l i t e r a t u r e i t i s apparent t h a t the p h o t o e l e c t r i c meth-
ods are being i n c r e a s i n g l y used almost t o the exclusion o f v i s u a l 
photometers* This suggests a r e a c t i o n against photometric methods, 
not only because o f a des i r e f o r higher accuracy but because o f the 
s u b j e c t i v i t y f a c t o r . 
D e s c r i p t i o n of Apparatus 
I n i t i a l l y i t was hoped t o be able t o determine the r e f l e c -
t i v i t i e s o f various manganese minerals a t various wavelengths w i t h -
i n the range of the v i s i b l e spectrum by means of a selenium b a r r i e r 
l a y e r c e l l as employed by Bowie and Taylor (1958). I t soon became 
apparent however t h a t i n order t o measure r e f l e c t i v i t i e s a t p a r t i c -
u l a r wavelengths, employing I l f o r d spectrum f i l t e r s i t would be 
necessary e i t h e r t o increase the i n t e n s i t y of the l i g h t source o r 
amplify the output c u r r e n t . Towards t h i s end the selenium b a r r i e r 
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layer c e l l was abandoned i n favour of a photomultiplier tube as 
the l i g h t sensitive c e l l . 
The c i r c u i t diagram i s as i n Fig. 24. The power to the 
photomultiplier i s supplied by a s t a b i l i s e d E.H.T. power pack (2 kv) 
manufactured by Cinema-Television L t d . , London. The pho t o m u l t i p l i e r . 
E.M.I, type 6094B, i s an eleven stage type as described by Jones (1962). 
The power supply to the dynodes was derived from a s u i t a b l y decoupled 
p o t e n t i a l d i v i d e r . The current from the c o l l e c t o r was recorded 
d i r e c t l y by a spot galvonometer with 450 ohms i n t e r n a l resistance 
manufactured by the Cambridge Instrument Co. Lt d . The microscope 
used i n the study was a Metalore type as manufactured by Cooke, 
Troughton and SimresLtd., York. P a r t i c u l a r a t t e n t i o n was paid t o the 
alignment of the various components of the o p t i c a l system. The l i g h t 
source was a 6 v o l t 48 watt bulb, and was powered from two Lucas 6 v o l t 
48 ampere hour accumulators, arranged i n p a r a l l e l . The photomultiplier 
was housed i n a brass case, and when i n operation, f i t t e d over the 
microscope eyepiece. A beam s p l i t t e r incorporated at eyepiece l e v e l 
i n the ocular system of the microscope was necessary to check t h a t the 
specimen was i n focus w i t h the cathode of the photomultiplier, the 
lengths of the two beams having been previously adjusted so that they were 
i n focus at the same time. I t was noted t h a t there was a marked 
v a r i a t i o n i n output current of the photocathode across i t s surface, as 
demonstrated by Edefe and Gambling (1957) - i t was thus necessary to 
clamp the photomulti j t l i e r i n p o s i t i o n on the microscope eyepiece to 
avoid any movement during use* 
The galvonometer, scale length 160 nans., en i t s most sensitive 
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range gives a d e f l e c t i o n of 1/*A. , - lTO.Omms., hence a f u l l scale 
d e f l e c t i o n on the 1 scale represents a current of 0.9^*Amps. and 
on the 10 range of 9.4^Amps. The manufacturers recommend t h a t 
f o r s t a b i l i t y o f operating c h a r a c t e r i s t i c s the c u r r e n t of the 
p h o t o m u l t i p l i e r should not exceed 50 - 100^Amps, the c o l l e c t o r 
c u r r e n t being p r o p o r t i o n a l t o the i n c i d e n t l i g h t i n t e n s i t y up to 
5m Amps • 
S t a b i l i s a t i o n of the l i g h t source i s a problem f a c i n g a l l 
users o f p h o t o e l e c t r i c equipment* I n the present study t h i s was 
achieved by a c i r c u i t as shown i n f i g . 25. The charging r a t e o f 
the r e c t i f i e r was adjusted to be the same as the discharge r a t e 
o f the accumulators, i n such a way t h a t the l a t t e r were a c t i n g as 
r e s e r v o i r s and no s i g n i f i c a n t v a r i a t i o n i n the scale reading o f 
the galvanometer was observed when c o r r e c t adjustment had been 
achieved. 
L i n e a r i t y of Output and Galvo Scale 
I t i s necessary t o t e s t the performance of the photomulti— 
p l i e r - g a l v o c i r c u i t t o determine whether i t gives a l i n e a r response. 
This was c a r r i e d out on the l / l O scale i n i t i a l l y as t h i s was the 
scale used f o r the m a j o r i t y of the measurements. 
The scale reading of the galvo was set to give f u l l scale 
d e f l e c t i o n (100 scale d i v i s i o n s ) w i t h an a r b i t r a r y standard, by 
v a r y i n g the output of the power pack. A n e u t r a l d e n s i t y f i l t e r w i t h 
a transmission of 62-66$ was i n s e r t e d i n the l i g h t beam and the g a l -
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•o, reading f e l l to 63 s c a l e d i v i s i o n s * On removal the reading on 
the galvo, returned to a f u l l s c a l e d e f l e c t i o n . This procedure was 
repeated with " d i r e c t l i g h t " galvo. readings from 90-10 s c a l e d i v i -
s ions obtained by varyin g the applied voltage from the power pack to 
the phot©multiplier. I n each case the corresponding galvo. reading 
with the n e u t r a l density f i l t e r i n s e r t e d i n the l i g h t beam was recor-
ded. The r e s u l t s shown i n f i g * 27 i n d i c a t e that the output of the 
system i s l i n e a r i n resp e c t to the galvo s c a l e and the output of the 
power pack between 1.5 and 2.0 Kv. 
Measurement of R e f l e c t i v i t y - D i r e c t Method 
I n many previous s t u d i e s of r e f l e c t i v i t y , workers have r e l a -
ted the r e f l e c t i v i t y of unknown to mutually accepted r a t h e r than 
determined v a l u e s of a standard s u r f a c e . The reason f o r t h i s has 
been the d i f f i c u l t y of determining the absolute r e f l e c t i v i t y of a 
su r f a c e without r e l a t i n g i t to some predetermined standard. 
Hallimond (1957) d e s c r i b e s a method f o r measuring the r a t i o of 
i n t e n s i t y between the i n c i d e n t and r e f l e c t e d beams f o r a prepared 
standard s u r f a c e . The design of the microscope attachment i s shown 
i n f i g . 28. 
An i n c l i n e d s t a i n l e s s s t e e l m i rror i s arranged so that i t can 
r e f l e c t l i g h t a t r i g h t angles to the d i r e c t i o n of the source l i g h t 
a l t e r n a t i v e l y d i r e c t l y up the microscope or on r o t a t i o n through 
180° onto the t e s t sample. The i n c l i n a t i o n of the m i r r o r i s 48.5° 
o 
to the s p i n d l e , i f i t was a t e x a c t l y 45 i t would obscure the image 
r e f l e c t e d from the t e s t s u r f a c e . The r a t i o of the d i r e c t i n t e n s i t y 
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to the reversed i n t e n s i t y gives the r e f l e c t a n c e . 
The attachment i s f i x e d to the microscope stage so t h a t the 
r o t a t i o n a x i s i n t e r s e c t s the a x i s of the microscope. The movable 
p l a t e i s adjusted so that the i n c l i n a t i o n i s equal to the angle of 
incidence of the l i g h t beam. The r o t a t i o n of the spindle i s a r r e s -
ted p r e c i s e l y 180° apart by tiro stops, the spindle can move l / 8 " 
a x i a l l y , i n the d i r e c t i o n of the l i g h t beam. 
Hallimond gives r e f l e c t i v i t y values f o r p y r i t e , the average 
of ten determinations a t d i f f e r e n t w a v e l e n g t h s using I l f o r d spec-
trum f i l t e r s , as f o l l o w s : 
Wavelengths 47 49 52 55 58 61 65 67 V 1 0 0 
R e f l e c t i v i t y 49.1 50.9 52.6 52.7 54.3 55.1 56.4 55.0 
Procedure 
The sample to be examined was l e v e l l e d by means of a L e i t z 
press and then mounted on the "stage" of the Hallimond "attachment". 
The v a r i o u s adjustments were made, as described i n the d e s c r i p t i o n 
of the attachment. These were: 1. Rotation a x i s of stage to i n t e r -
s e c t the microscope a x i s . 
2. Same area of mirror to be seen 
i n d i r e c t and reversed p o s i t i o n s . 
3. Image of lamp to coincide with 
the aperture d i s c of the photometer f o r d i r e c t and reversed mirror 
p o s i t i o n s . 
The importance of accurate adjustment cannot be over emphas-
i s e d , the accuracy of the determination depending on c a r e f u l a d j u s t -
ment. 
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Following Hallimond (1957) I I f o r d Spectrum f i l t e r s were 
employed to give i n c i d e n t l i g h t of r e s t r i c t e d wavelength f o r t r a n s -
missions see fig.29. The f i l t e r s were mounted i n a d i s c between 
the l i g h t source and the p o l a r i s e r of the microscope. The i n c i d e n t 
l i g h t i n t e n s i t y was adjusted by p l a c i n g n e u t r a l density f i l t e r s i n 
the path of the l i g h t from the lamp source to the mirror so t h a t 
with the orange f i l t e r (6100/^*, and the mirror i n the d i r e c t p o s i -
t i o n , the galvo, gave a reading of between 95 and 100 s c a l e d i v i s -
i o n s . The d i s c c a r r y i n g the other f i l t e r s was rotated and the 
reading on the galvo, f o r the var i o u s f i l t e r s observed. The mirror 
of the attachment was then rotated through 180°, in t o the reversed 
p o s i t i o n , withdrawn a x i a l l y , and the microscope refocussed. By 
r o t a t i n g the f i l t e r d i s c again, the i n t e n s i t y of the r e f l e c t e d beam 
was observed and recorded. The r e f l e c t i v i t y , R, a t the var i o u s 
wavelengths was obtained by 
R ™ — x 100 
I i 
where I r • galvo reading f or r e f l e c t e d beam 
and I i = galvo reading f o r i n c i d e n t beam. 
Re s u l t s from Present Study 
D i r e c t r e f l e c t i v i t y measurements were made on a sample of 
p y r i t e from Rio Marino, E l b a and a sample of marmatite from Trepca, 
J u g o s l a v i a . 
1. A sample of p y r i t e was obtained from the Geological Survey of 
Great B r i t a i n (Atomic Energy D i v i s i o n ) through the courtesy of S.H.U 
* U/*Ve length of K ] c \ * . m u m T r a n s f u s i o n . 
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Bowie and K. Taylor and was s i m i l a r to the m a t e r i a l used i n t h e i r 
study of 1968. 
2. The sample of marmatite (Fe r i c h s p h a l e r i t e ) from Trepca, 
J u g o s l a v i a was obtained from the Departmental c o l l e c t i o n . 
The r e s u l t s obtained f o r the samples of marmatite and p y r i t e 
are given i n Tables 7 & 8 and f i g . 30. 
Table 7 R e f l e c t i v i t y of Karaatite 
Wavelength 43 47 49 52 55 58 61 65 
1. 19.1 18.9 18.5 18.1 17.8 17.6 17.2 17.0 
2. 19.0 18.8 18.3 18.0 17.8 17.7 17.3 17.1 
3. 18.9 18.7 18.2 17.8 17.7 17.5 17.2 16.9 
4. 19.0 18.8 18.4 18.0 17.8 17.6 17.3 17.0 
5. 19.0 18.7 18.0 18.0 17.4 17.6 17.3 17.0 
Average 19.0 18.8 18.3 18.0 17.8 17.6 17.3 17.0 
Table 8 R e f l e c t i v i t y of P y r i t e 
Wavelength 43 47 49 52 55 58 61 65 
1. 42.0 46.2 49.5 52.0 54.2 54.8 55.2 56.2 
2. 42.2 46.4 49.7 52.0 53.8 54.2 55.2 56.2 
3. 42.0 46.0 49.5 51.5 53.6 54.5 55.1 56.1 
4. 42.1 46.2 49.5 52.0 53.8 54.5 55.2 56.2 
5. 42.1 46.1 49.4 51.9 53.7 54.4 55.1 56.1 
Average 42.1 46.2 49.5 52.0 53.7 54.4 55.2 56.2 
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I t was observed during the course of determining the r e f l e c -
t i v i t y of the p y r i t e sample, the extent to which the adjustment of 
the attachment was c r i t i c a l . I t was a t f i r s t assumed t h a t the high-
e s t values obtained represented the c o r r e c t value as being obtained 
when the angle of r o t a t i o n between the d i r e c t and reversed m i r r o r 
p o s i t i o n was e x a c t l y 180 . This conclusion need not n e c e s s a r i l y be 
the case as i f the ' d i r e c t 1 p o s i t i o n was s l i g h t l y out of alignment 
then the galvo. reading would be quite markedly reduced, hence g i v -
ing an erroneously high 'R* value. I n the o p t i c a l s e t up used f o r 
the r e f l e c t i v i t y measurements the stops c o n t r o l l i n g the r o t a t i o n of 
the mirror were adjusted so t h a t the lamp image coincided wi-ti the 
aperture d i s c of the photometer for d i r e c t and reversed m i r r o r pos-
i t i o n s with great care as t h i s adjustment more than any other i s 
c r i t i c a l . 
Hallimond c i t e s two sources of e r r o r i n the method due to ( l ) 
The s l i g h t i n c r e a s e i n the distance between the lamp and the o b j e c t -
i v e i n the reversed p o s i t i o n due to the a x i a l withdrawal of the 
mirror by 1/8 i n c h gives a \fo decrease i n apparent r e f l e c t i v i t y , and 
(2) The s t a i n l e s s s t e e l m i rror causes a weak p o l a r i s a t i o n , the com-
ponent perpendicular to the place of incidence being b r i g h t e r i n the 
r a t i o 6t4. 
Hallimond considers that the r e s u l t a n t r e f l e c t i v i t y should be 
v e r y close to the t r u e value f o r H, but i f anything s l i g h t l y high. 
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Check Determinations 
I n order to t e s t whether the r e s u l t s obtained f o r the marma-
t i t e and p y r i t e were c o r r e c t r e l a t i v e to one another, i . e . t h a t the 
o p t i c a l adjustments were c o r r e c t , marmatite was accepted as the 
standard and the r e f l e c t i v i t y v alues f o r p y r i t e were determined as 
i n the case of an unknown. This method gave mean r e f l e c t i v i t y 
values as belows 
Wavelength 43 47 49 52 55 58 61 65 A . A * 5 -
Average 42.0 46.0 49.0 52.2 54.0 54.5 55.4 56.1 
These r e s u l t s i n d i c a t e t h a t the r e s u l t s obtained f o r marmatite and 
p y r i t e are v a l i d r e l a t i v e to one another and would suggest t h a t any 
e r r o r i n t h e i r absolute value i s inherent i n the method. 
Measurement of R e f l e c t i v i t y - General Method 
S e l e c t i o n of a Standard f o r Routine Work 
I t was decided to adopt the marmatite specimen as a standard 
fo r the purposes of the present study. I d e a l l y one should have as 
a standard a m a t e r i a l whose r e f l e c t i v i t y i s w i t h i n the upper range 
of the s e r i e s being i n v e s t i g a t e d . This i s not the case with marma-
t i t e (R s 17.0 - 19.0) however the b e n e f i t s from i t s use are as 
f o l l o w s : 
(1) Because of i t s occurrence i n large c r y s t a l s i t i s possib-
l e to make d i r e c t r e f l e c t i v i t y measurements, though by v i r t u e of the 
cross checking of the d i r e c t r e f l e c t i v i t y values obtained f o r p y r i t e 
and marmatite t h i s must be a minor consideration. 
(2) With a r e f l e c t i v i t y i n the range 17.0 - 19.0$ marmatite 
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i s w e l l s u i t e d f o r use as a standard f o r the determinations of 
r e f l e c t i v i t y i n o i l (see l a t e r s e c t i o n s ) . I n t h i s way i t may be 
used f o r r e f l e c t i v i t y measurements i n both a i r and o i l . 
Transmission of F i l t e r s 
I l f o r d spectrum f i l t e r s (Nos. 601 - 608) were used to give 
"monochromatic 1 1 l i g h t . As can be seen from f i g . 29 they transmit 
l i g h t over a wavelength range of approximately 250yu- , the orange 
f i l t e r (607) having the g r e a t e s t transmission (23% approx.)• 
Working Procedure 
As described i n the s e c t i o n r e l a t i n g to the d e s c r i p t i o n of 
the apparatus, the f i l t e r s (601 - 609) were mounted i n a f i l t e r 
d i s c attached to the l i g h t source. By r o t a t i o n of t h i s d i s c the 
v a r i o u s f i l t e r s were, i n turn, brought into p o s i t i o n i n the l i g h t 
path. 
The galvo. reading for the orange f i l t e r was adjusted to be-
tween 95 - 100 s c a l e d i v i s i o n s for the standard marmatite or the 
unknown, which ever had the higher r e f l e c t i v i t y . The galvo. read-
ings f o r the v a r i o u s f i l t e r s were taken, with the marmatite stand-
ard i n p o s i t i o n . The unknown was then placed on the stage, focussed 
and the readings taken as i n the case of the standard. I n the case 
of the a n i s o t r o p i c samples, care was taken to s e l e c t grains d i s p l a y -
ing maximum b i r e f l e c t i o n , galvo readings being taken i n p o s i t i o n s of 
maximum and minimum r e f l e c t i v i t i e s . The stage was lowered and then 
a drop of o i l (n * 1.526 @ 20°C) was placed on the specimen, the two 
cover d i s c s placed on to t h i s drop, focussed, and the galvo readings 
for the s e r i e s of f i l t e r s observed again. I n t h i s way i t was pos-
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s i b l e to determine r e f l e c t i v i t y v alues i n a i r and i n o i l on the 
same grain, (see l a t e r s e c t i o n on r e f l e c t i v i t y determinations i n 
o i l ) 
R e f l e c t i v i t y i n White L i g h t 
White l i g h t r e f l e c t i v i t y determinations are reported f o r 
the manganese oxide minerals* 
Table 9 compares r e f l e c t i v i t y v alues determined by previous 
workers with those obtained i n the present study. There i s a ten-
dency f o r the white l i g h t v a l u e s determined i n the present study to 
be g e n e r a l l y s l i g h t l y higher than those reported by e a r l i e r workers. 
The reason f o r these d i f f e r e n c e s l i e s i n the d i f f e r e n t s e n s i t i v i t -
i e s of the l i g h t s e n s i t i v e c e l l s employed i n v a r i o u s s t u d i e s . The 
selenium b a r r i e r l a y e r c e l l of Bowie and Taylor (1958) has a maxi-
mum response i n the green p a r t of the spectrum whereas the cadmium 
sulphide c e l l gives a maximum response i n the red. I n the case of 
the photomultiplier tube used i n the present study maximum response 
occurs i n the blue, see f i g . 31, hence the white l i g h t r e f l e c t i v i t -
i e s quoted i n the current study have a b i a s towards the r e f l e c t i v i t y 
of the blue end of the spectrum, which i n the case of the manganese 
minerals i s higher than the true white l i g h t v a l u e . I n the case of 
the manganese minerals which c h a r a c t e r i s t i c a l l y show small d i s p e r -
sions the d i f f e r e n c e between the true white l i g h t value and t h a t 
determined by the photomultiplier i s not great. However with miner-
a l s which d i s p l a y strong d i s p e r s i o n the d i f f e r e n c e i s much g r e a t e r . 
Owing to the mode of occurrence the values quoted f o r minerals 
such as coronadite tend to be measures of the p e r f e c t i o n of the 
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p o l i s h r ather than of the t r u e r e f l e c t i v i t y and as such should be 
t r e a t e d with caution. 
R e f l e c t i v i t y values f o r three mineral s p e c i e s h i t h e r t o 
unreported are given i . e . pyrochroite, g r o u t i t e and cryptomelane. 
With regard to providing a means for the i d e n t i f i c a t i o n of 
minerals the white l i g h t r e f l e c t i v i t y values are not d i a g n o s t i c 
when applied to the manganese oxide m i n e r a l s , although they are of 
use when used i n a s s o c i a t i o n with other p r o p e r t i e s . 
S p e c t r a l P r o f i l e s 
As s t a t e d p r e v i o u s l y owing to the lack of correspondence 
between the white l i g h t r e f l e c t i v i t y v alues of minerals as d e t e r -
mined by d i f f e r e n t workers due to d i f f e r e n c e s i n the response of 
photo s e n s i t i v e c e l l s used, i t was f e l t d e s i r a b l e to explore the 
p o s s i b i l i t i e s of measuring the r e f l e c t i v i t i e s of minerals a t d i f -
f e r e n t points i n the v i s i b l e spectrum. 
The r e f l e c t i v i t y of the opaque manganese minerals was d e t e r -
mined a t eight wavelengths between v i o l e t and red i n the v i s i b l e 
spectrum. For t h i s purpose I I f o r d "spectrum" f i l t e r s were employed 
to obtain as close an approximation to monochromatic l i g h t as pos-
s i b l e w h i l s t s t i l l g i v ing adequate i n t e n s i t y . R e f l e c t i v i t y v alues 
a t p a r t i c u l a r wavelengths have p r e v i o u s l y been reported for green, 
orange and red l i g h t (Ramdohr) and blue l i g h t v alues have been given 
by Orcel and P a v l o v i t c h f o r a number of manganese mi n e r a l s . I t 
should be s t r e s s e d , however, that although the p r o f i l e should show 
the same trend, the a c t u a l values may d i f f e r somewhat due to the 
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extent to which l i g h t approaches true monochromatism. 
Nevertheless i t i s f e l t t hat by r e s t r i c t i n g the wavelength 
of the i n c i d e n t l i g h t and measuring the r e f l e c t i v i t y a t d i f f e r e n t 
points w i t h i n the spectrum i t should prove p o s s i b l e f o r d i f f e r e n t 
workers to obtain comparable r e s u l t s . 
R e f l e c t i v i t y determinations were made a t eight wavelengths 
within the v i s i b l e spectrum, the d e t a i l e d f i g u r e s being given i n 
Appendix 1. I n a l l cases Rv > Rr, a feature to be expected as 
a l l forms are g r e y i s h white i n colour, hence cannot be d i s t i n g u i s -
hed from one another on t h i s b a s i s . I n an attempt to d i s t i n g u i s h 
the v a r i o u s minerals according to the strength of t h e i r d i s p e r s i o n 
p l o t s were made of Rv - Rr ( a i r ) a g a i n s t Rv ( a i r ) (see fig . 3 2 ) 
C l e a r l y the higher r e f l e c t i n g groups of psilomelane, coronadite, 
cryptomelane, h o l l a n d i t e , crednerite form a d i s t i n c t group from 
the lower r e f l e c t i n g forms. When however, Rv - Rr/Rv ( a i r ) i s p l o t -
ted against Rv ( a i r ) ( f i g . 3 3 ) t h i s grouping disappears i n d i c a t i n g 
t h a t although q u a n t i t a t i v e l y the d i s p e r s i o n i n the psilomelane group 
i s stronger, as a percentage there i s no great d i f f e r e n c e when the 
higher absolute r e f l e c t i v i t y of the group i s taken i n t o account. 
Although the grouping p e r s i s t s i t i s now d i s t i n g u i s h a b l e only on 
the b a s i s of the absolute r e f l e c t i v i t y v a l u e . The same conclusions 
may be drawn when the p l o t s are made f o r the corresponding r e f l e c t -
i v i t i e s i n o i l . ( f i g s . 34 & 35) 
With a n i s o t r o p i c minerals an i n t e r e s t i n g f e a t u r e e x i s t s with 
regard to d i s p e r s i o n . I n the case of hausmannite the ordinary ray 
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i s always seen but the level of the extraordinary varies accord-
ing to the o r i e n t a t i o n of the section but always has a value 
intermediate between the ordinary ray r e f l e c t i v i t y and the true 
extraordinary ray r e f l e c t i v i t y . S i m i l a r l y the dispersion i s 
intermediate between the dispersions of the two primary rays. 
This feature was demonstrated i n f i v e mineral species i n the course 
of the present work and the value of t h i s property as a d i s t i n -
guishing c h a r a c t e r i s t i c f o r minerals i s apparent* 
Measurement of R e f l e c t i v i t i e s i n O i l 
Theoretical Consideration 
By means of the Fresnel formulae, o p t i c a l indices of opaque 
substances have been derived from two r e f l e c t i v i t y measurements* 
one i n a i r , R and the other i n a l i q u i d of known r e f r a c t i v e i n -a 
dex, Prom the formulae (8 and 9) as below: 
(N 2 - l ) / 2 
A = (10) 
1 • r 1 «• r 
N * _ £ 
1 - r 1 - r o a 
r (n • 1 ) * - (n - l ) 
2 & K 
2 n (1 - rj (H) 
i t i s possible t o calculate values of the r e f r a c t i v e index 'n 1 and 
the absorption index K' of the mineral. P r a c t i c a l d i f f i c u l t i e s of 
measuring r e f l e c t i v i t y w i t h immersion, due to the large errors i n 
t h i s measurement w i t h normal methods has led to the method being 
only r a r e l y applied. These p r i n c i p a l d i f f i c u l t i e s are: 
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(a) the l i q u i d used must be a b s o l u t e l y homogeneous and f r e e 
from bubbles* 
(b) the standard must be immersed so as to give constant 
geometrical r e f l e c t i o n c o n d i t i o n s , 
(c) transparent minerals, zinc blende and diamond have v e i l 
defined r e f r a c t i v e indices but r e f l e c t i v i t i e s i n immersion l i q u i d s 
are very low, being 4.9 f o r diamond i n cedar o i l . I n d i r e c t com-
parisons by immersion i t i s necessary to use opaque standards 
whose immersion r e f l e c t i v i t y i s much higher* 
I n an attempt t o get round these d i f f i c u l t i e s Cambon (1949) 
describes a method -which has the advantage of r e c o n c i l i n g the 
o p t i c a l conditions f o r the immersion o f the specimen w i t h the use 
of dry standards. B r i e f l y the method i s as f o l l o w s : 
"A transparent piece of glass of known R.I. 
w i t h accurate p a r a l l e l faces i s placed 
against the specimen, and between them i s 
placed a drop of l i q u i d o f the same R.I. 
as the glass." 
Trans, by R.j?. a f t e r Cambon 1949. 
Measurements are made by focussing on the s e c t i o n through 
the g l a s s - o i l assembly and comparing w i t h a normal dry standard. 
I f R m r e f l e c t i v i t y o f the immersed surface, r t h a t o f the 
glass, the measured r e f l e c t i v i t y A a f t e r considering m u l t i p l e r e f l e -
c t i o n s i n the g l a s s , and n e g l e c t i n g terms i n r , i s given by the 
r e l a t i o n s h i p -
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p = Rfi - 2r + £ (1 + R 2 ) ) m ft +r (1 - bob Since V# is Sm«». 
R 
R = p - r ( l - p ) 2 - K o e n 1 3 . b c . r 3 w (1913) 
2 2 
p - R ( l - 2r + f - L * A _ ( 1 + B 2 ) ) 
s i n iJ 4e 
R(l - 2r + K . 1 + ^ ) - C c x m b o n ( 194-9) . * ' 
c o n s e n t : fc^Kt beam. 
I t w i l l be observed t h a t the correction factor'K'is related 
t o : - • r j the r e f l e c t i v i t y of the glass,'U' the s o l i d angle of the 
rays from the objective, 'a* the radius of the f i e l d plane and 'e 1 
the thickness of the glass 
N 2 a 2 
as K m r • -sin 2 ! ! 4e 2 
2 
or p = R(l - 2r + K «* + R ) 
Cambon cit e s values of K f o r d i f f e r e n t objectives and d i f -
f e r ent thickness 'e1 w i t h r - 0.04, however from a consideration of 
the above formula i t w i l l be noted that d i r e c t comparison of r e f l e c -
t i v i t i e s of sections applied i n turn against the same plate of glass 
and w i t h a l i q u i d of the same R*I. between,can be made without any 
correction provided t h a t the r e f l e c t i v i t i e s 'R* to be measured are 
large enough and th a t the f i e l d and aperture are s u i t a b l y chosen* 
From a consideration of the previous formulae i t w i l l be 
1 • R2 1 + R 2 noted t h a t p = R when 2r = K . R i . e . when K * R = 0*08. 
For a given o p t i c a l set up then i t i s desirable to adjust 
the variables 'a* or 'e1 so th a t e s s e n t i a l l y p = R and so as t o 
avoid the necessity of applying a correction f a c t o r K t o the meas-
used r e f l e c t i v i t y p* 
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Cambon gives 'n 1 and 'K' values f o r various a l l o y s w i t h 'R1 
v a r y i n g from 0.29 - 0.64, 'n* between 1.5 - 4.0 and K less than 
1.5. He adopted the use of the curves <$R/R t o o b t a i n values f o r 
•n f and K and quotes the f o l l o w i n g determination e r r o r s R = 2%, 
6R =• 4$. Due t o the form of the curves fn* i s determined more 
accurately than ,K I, best r e s u l t s being obtained i n the region 
where the curves £R/R - constant, are s t r o n g l y i n c l i n e d to the 
axis o f 'n 1. I n the case of substances w i t h high 'n' values, i . e . 
coming i n the region where &R/R • constant i s h o r i z o n t a l , the 'n 1 
values are indeterminate. 
Only two of the a l l o y s determined by Cambon have , n l and 
'K1 values quoted i n the l i t e r a t u r e : 
n E Source n K 
Si 3.75 0.12 Wartenburg 3.3 - 3.6 0.2 - 0.4 
Cu^Sn 1.20 — Jamin 1.4 - 1.5 2.0 - 2.4 
Working Procedure 
I t was established i n p r e l i m i n a r y t e s t s on the technique t h a t 
the optimum conditions were obtained w i t h the f i e l d reduced to a 
minimum. Two glass cover s l i p s (n = 1.526) j o i n e d i n o p t i c a l con-
t i n u i t y by a drop of o i l of the same r e f r a c t i v e index were found t o 
be the corr e c t thickness. P\r\ o b j e c k w t h K A . - 0 - 6 5 ^ c * s ploye<i£.o} 
To increase the accuracy of the determination the measurements 
i n o i l were made d i r e c t l y a f t e r the reflectivity i n a i r measurements 
were made and on p r e c i s e l y the same area of the g r a i n . 
- 174 
R e f r a c t i v e and Absorption Index Determinations 
O i l r e f l e c t i v i t i e s were determined by the method described 
by Cambon (1949). Curves of the r e f r a c t i v e index 'n 1 against 
r e f l e c t i v i t y i n a i r Ra f o r various values of K and & R/R: 
Ra 
were calculated by means of formula (8) and ( 9 ) . see f i g . 3 6 . 
The white l i g h t r e f r a c t i v e and absorption i n d i c e s as determ-
ined i n the present study are presented i n Table 10, and are com-
pared w i t h the values quoted by Dana ( 7 t h E d i t i o n ) , Larsen and 
Bermon (1934). (Table l l ) . Values of 'n 1 determined i n "monochro-
matic" l i g h t are compared w i t h those c a l c u l a t e d from the r e f l e c -
t i v i t y values of Ramdohr (1955) (Table 12). On comparing values 
determined i n the present study w i t h those determined or c a l c u l a -
ted from r e f l e c t i v i t y data of previous workers several conclusions 
may be drawn. 
(a) Ramdohr (1955) gives both a i r and o i l r e f l e c t i v i t y values 
i n green, orange and red l i g h t f o r a number o f the manganese miner-
&R 
al s studied. I f the value of /R i s c a l c u l a t e d from these values 
the , n f and 1K* may be estimated from the curves o f ^ R / R ( f i g . 3 6 ) . 
The r e f r a c t i v e i n d ices so determined are presented i n Table 12. 
I t should be noted t h a t the r e f r a c t i v e index of the o i l used by 
Ramdohr i s not s t a t e d so the curves of /R i n t h i s case w i l l d i f -
f e r s l i g h t l y from those used i n the present study i . e . i f the 
r e f r a c t i v e index of the o i l used departed markedly from 1.526. 
Compared w i t h both the white l i g h t values of Larsen and Berman 
(1934) and the monochromatic values of the present study the v a l -
ues determined from Ramdohr*s f i g u r e s appear somewhat low. 
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Table 12 Refractive Indices of Manganese Minerals i n 
"Monochromatic" Light 
Bixbyite 
Braunite 
Manganite 
F r a n k l i n i t e 
Jacobsite 
Hausmannite 
Hollandite 
//a 
Ramdohr 
(1955) 
n 
G 2.0 
0 1.9 
P 1.7 
G 1.6 
0 1.6 
R 1.6 
G 2.10 
0 1.9 
R 1.8 
G 2.0 
0 
R 1.9 
G 1.80 
0 1.84 
R 1.80 
G 2.2 
0 1.9 
R 1.7 
G 2.5 
0 2.0 
R 1.6 
G 1.8 
0 1.6 
R 1.8 
Larsen & Berraan Nichol 
(1934) 
No data 
No data 
»Li 
°Li 2 o 2 5 
r ^ . 2.25 
2.36 
2.30 
No data 
. 2.45° 2.15 E 
No data 
2.4 
2 . 4 
2.4 
2.6 
2.4 
2.4 
2.0 
1.95 
2.00 
2.0 
P.0 
1.9 
2.40 
2.35 
2.3 
2.5 
2.35 
2.30 
2.35* 
2.40 
3.2 
3.0 
3.0 
2.20 
2.05 
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(b) Good agreement i s obtained i n the m a j o r i t y of cases 
between r e s u l t s obtained i n the present study and f i g u r e s quoted 
by Larsen and Berman. 
Several d i f f e r e n c e s do occur, however, which are w e l l o u t -
side the l i m i t s of e r r o r of the method and so are considered s i g -
n i f i c a n t . The r e f r a c t i v e i n d i c e s of manganite p a r a l l e l to'a 1 
and p a r a l l e l to 'b' are found t o be 2.05 and 1.90 whereas published 
data quote 'n* f o r these d i r e c t i o n s as 2,25. The value o f 2*50 
f o r the ' c 1 d i r e c t i o n determined i n the present work agrees c l o s e l y 
w i t h the published value of 2.53. Chalcophanite i n the present 
study gave , n I values of 1.75 (E) and 2.70 (0) whereas Dana gives 
2.72 (E) and 2.72 f o r ( 0 ) . 
Refractive and absorption index values are given f o r the 
f o l l o w i n g nine v a r i e t i e s , f o r which values have not p r e v i o u s l y been 
recorded\ b i x b y i t e , g r o u t i t e , b r a u n i t e , coronadite, cryptomelane, 
psilomelane, h o l l a n d i t e , MnOg and c r e d n e r i t e . 
R e f r a c t i v e i n d i c e s f o r the manganese minerals vary from 1.60 — 
3.25 while absorption i n d i c e s range from .01 - .3. Values are o f 
the c o r r e c t order f o r the minerals s t u d i e d , but i t i s f e l t t h a t i n 
the case of the absorption i n d i c e s any v a r i a t i o n w i t h i n the range 
i s p u r e l y experimental and no s i g n i f i c a n c e can be attached hereto. 
P r o f i l e s of 'n' and *K' 
The method u n f o r t u n a t e l y i s not s e n s i t i v e enough to d i s t i n -
guish w i t h c e r t a i n t y any v a r i a t i o n of r e f r a c t i v e index w i t h wave-
length. I n some cases there i s on apparent decrease i n 'n 1 over 
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the wavelength range studied, but over the e n t i r e range i t seldom 
amounts to more than one i n the f i r s t decimal place. 
Precision of Method 
Refractive Index Determination; From the form of the curves 
of ^^/R i t i s apparent t h a t the p r e c i s i o n of the determinations 
w i l l d e t e r i o r a t e w i t h i n creasing r e f l e c t i v i t y and/or r e f r a c t i v e 
index o f the sample. 
Consider two samples w i t h R values of 15$ and 30$ but w i t h 
a 
R values of 7.5$ and 15$. I f the R determination i s subject t o a o a 
p o s i t i v e bias o f 2.5$ then the , n l value v a r i e s by about 2.5$ i n the 
case o f the sample w i t h the lower r e f l e c t i v i t y , but i s indeterminate 
i n the case of the more h i g h l y r e f l e c t i n g sample, as /R passes i n -
t o the f i e l d where K i s a -ve, an impossible case. 
I n the case of the more h i g h l y r e f l e c t i n g forms s t u d i e d , the 
&R 
d i s p o s i t i o n of the curves o f /R do not a l l o w an accurate determin-
£R 
a t i o n of the r e f r a c t i v e index by t h i s method. As the curves of /R 
= constant, approach the h o r i z o n t a l so a s l i g h t d i f f e r e n c e i n the 
^ / f t value g r e a t l y a f f e c t s the 'n* value. Although good correspon-
dence w i t h the *n l values of the lower r e f l e c t i n g forms has been 
achieved, i t i s f e l t t h a t those of the higher r e f l e c t i n g forms may 
be somewhat high. 
Absorpti on Index; From a consideration of f i g . 3 6 i t i s appar— 
4R 
end t h a t i n the region where the g r a d i e n t of the /R curves i s 
greater than u n i t y the absorption index may be determined r e l a t i v e l y 
a c curately compared to where the g r a d i e n t i s low. I n the example 
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c i t e d i n the p r e c i s i o n of the r e f r a c t i v e index - the d i f f e r e n c e s 
i n •k 1 introduced by a 1 bias of 2.5^ i n the R value are n e g l i -
a 
g i b l e i n the case of the lower r e f l e c t i n g smaple but i n the case 
of the higher r e f l e c t i n g sample from the curves 'k* i s -ve, the 
l a t t e r being impossible* 
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CHAPTER V I I 
DIFFERENTIAL THERMAL ANALYSIS 
D i f f e r e n t i a l thermal a n a l y s i s c o n s i s t s e s s e n t i a l l y of heat-
i n g the sample of the m a t e r i a l under i n v e s t i g a t i o n alongside a 
sample of a thermally i n e r t m a t e r i a l and recording the temperature 
d i f f e r e n c e s developed between the two as they are heated. I n the 
absence of any r e a c t i o n the temperature of the sample and standard 
remain the same, however, a t the outset of a r e a c t i o n the sample 
becomes h o t t e r or cooler than the standard according to whether 
the r e a c t i o n i s exothermic or endothermic* 
The method has been reviewed by Urbain (1937), Berg Nikolaer 
and Rode (1944), K e r r , Kulp and Hamilton (1949), Grim (1953), Sudo 
(1953) and Jasmund (1955). The current review i s l a r g e l y from 
Mackenzie (1957), 
History of D i f f e r e n t i a l Thermal A n a l y s i s 
The development of d i f f e r e n t i a l thermal a n a l y s i s has l a r g e l y 
taken place with reference to c l a y m i n e r a l s , which because of t h e i r 
extreme f i n e n e s s of g r a i n had p r e v i o u s l y d e f i e d i d e n t i f i c a t i o n * As 
e a r l y as 1794 and 1796 Kirwan recognised the importance of f , i n t e r n a l 
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c h a r a c t e r s " of minerals i n c l u d i n g thermal r e a c t i o n f o r t h e i r 
i d e n t i f i c a t i o n . The development of the thermocouple as an 
accurate temperature measuring instrument by Le C h a t e l i e r 
represented a major advance i n the f i e l d of thermal a n a l y s i s 
of c l a y minerals. The method was applied to the f i e l d of met-
a l l u r g y by Roberts and Austen (1899) who devised the method of 
heating the specimen alongside an i n e r t and measuring the tem-
perature d i f f e r e n c e developed between the two m a t e r i a l s as they 
are heated or cooled. Since those e a r l y days the development 
has been ra p i d and perhaps i t i s best to consider the v a r i o u s 
methods a v a i l a b l e r a ther than t r e a t t h e i r development chronolo-
g i c a l l y . 
Thermal methods are based on the observation of v a r i a -
t i o n s of three fundamental p r o p e r t i e s of weight change, energy 
change and dimensional change i n the course of the m a t e r i a l 
being heated over a given temperature range. Of these three 
methods d i f f e r e n t i a l thermal a n a l y s i s gives the most information 
and i s the method used i n the present study. 
Consideration of D i f f e r e n t i a l Thermal A n a l y s i s 
L i m i t a t i o n s of the Method 
L i m i t a t i o n s however e x i s t due to four f a c t o r s ( i . e . apparatus, 
technique, minerals and organic matter) which w i l l be considered 
b r i e f l y . 
Apparatus; Although the b a s i c apparatus i s simple (furnace, 
specimen holder, thermocouple and recording device) v a r i o u s con-
d i t i o n s have to be f u l f i l l e d f o r the r e s u l t s to be of v a l u e , Heat-
- 184 -
Organic Matter: I t i s necessary to remove organic matter from 
samples p r i o r t o d i f f e r e n t i a l thermal analysis so as to avoid the 
o x i d a t i o n of the organic matter i n t e r f e r i n g w i t h normal mineral peaks. 
i n g rete must be reproducable and p r e f e r a b l y uniform. Auto-
matic programme control i s more or l e s s e s s e n t i a l f o r adequate 
r e p r o d u c i b i l i t y . 
Technique: S t a n d a r d i s a t i o n of technique i s e s s e n t i a l , as 
the "peak temperature" i s dependent on heating r a t e , amount of 
specimen, packing of specimen and the type of specimen holder. 
Minerals: The curves given by d i f f e r e n t samples of the 
same mineral can vary to such an extent as to render t h e i r iden-
t i f i c a t i o n as being of the same mineral r a t h e r d i f f i c u l t . E f f e c t s 
caused by the r e a c t i o n of two or more components of a sample may 
add f u r t h e r complications. 
Advantages of the Method 
I n s p i t e of l i m i t a t i o n s the method has s e v e r a l advantages 
over ether methods of a n a l y s i s . Two samples with s i m i l a r X-ray 
patterns may be c h a r a c t e r i s e d by quite d i f f e r e n t thermal curves. 
I n a d d i t i o n the method i s a p p l i c a b l e to amorphous m a t e r i a l and 
q u a n t i t a t i v e l y can i d e n t i f y components present i n concentrations 
of l e s s than Vfo of a mixture. F i n a l l y the method i s of use to 
f u r n i s h information as to the temperatures a t which r e a c t i o n s 
and s t r u c t u r a l changes take p l a c e . 
Requirements of Apparatus 
Because of the large number of d i f f e r e n t problems f o r which 
d i f f e r e n t i a l thermal a n a l y s i s apparatus has been used a r i g i d 
s t a n d a r d i s a t i o n of equipment has not been p o s s i b l e . C e r t a i n 
f e a t u r e s are d e s i r a b l e i n apparatus to obtain r e l i a b l e r e s u l t s 
and are d i s c u s s e d b r i e f l y as f o l l o w s : 
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Heat Sources A heat source must (a) supply heat output a t 
a r a t e i n excess of t h a t required to r a i s e the temperature of 
the contents over the whole temperature range and (b) the s p e c i -
men holder must be heated evenly. E l e c t r i c a l l y heated furnaces 
are the most u n i v e r s a l l y used heat source, the choice of winding 
m a t e r i a l being dependent on the temperature range under t e s t , 
and a t t e n t i o n must a l s o be paid to the p r o v i s i o n f o r accurate 
measuring of the temperature of the block and specimen holder i n 
the furnace. 
Temperature Regulating Systems The e s s e n t i a l f eature about 
temperature control i s that i t should be reproducible (Grimshaw, 
Heaton and Roberts 1945). Temperature c o n t r o l l e r s operating on 
the system that when the furnace overheats or underheats a lower 
or higher current or voltage i s applied to r e c t i f y matters are 
p r e f e r r e d , t h i s way the c o n t r o l may be made to f o l l o w a predeter-
mined c y c l e v e r y a c c u r a t e l y . 
Specimen Holder and Blocks With an i n f i n i t e l y small amount 
of m a t e r i a l round the thermocouple an i n f i n i t e l y sharp d e f l e c t i o n 
should be obtained a t the i n s t a n t of r e a c t i o n . This not being 
obtainable i n p r a c t i c e , i t i s n e v e r t h e l e s s d e s i r a b l e to use a 
small sample 0.5 gms. and the sample holders have been designed 
to give the maximum thermal e f f e c t from the minimum amount of 
m a t e r i a l . 
Specimen holders have been designed made of metal or c e r a -
mics, each type having advantages or disadvantages. 
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Metali Advantages 
1. E a s i l y constructed 
2. Non-porous* 
3. N e g l i g i b l e b a s e - l i n e d r i f t . 
Ceramic: 1. Large peaks due to slow 
heat t r a n s f e r ( c f . m e t a l ) . 
Di sadvantages 
1. Peaks small due to 
rapi d heat t r a n s f e r . 
2. No i n s u l a t i o n of thermo-
couple i s required. 
1. P o s i t i o n i n g i n 
furnace i s very 
c r i t i c a l , due to 
low thermal conduc-
t i v i t y . 
2. P o r o s i t y may i n f l u -
ence the shape of 
the peak. 
3. B a s e - l i n e d r i f t 
greater than with 
metal holders. 
Many designs of sample holder have been used but providing the 
holder i s s u f f i c i e n t l y large with res p e c t to the sample the shape 
and s i z e of the holder w i l l have l i t t l e i n f l u e n c e . 
Temperature Measuring System: Thermocouples are normally used 
for temperature measurement, the a c t u a l choice of m a t e r i a l f or the 
thermocouple depending on var i o u s f a c t o r s : 
(1) M a t e r i a l s used should not be a f f e c t e d chemically by the 
i n e r t or the specimen or the l a t t e r f s decomposition products. 
(2) They should give a measurable E.M.F. 
Two types of thermocouple have been used, r a r e metal thermocouples, 
which although i n i t i a l l y more c o s t l y are most robust and of longer 
l i f e than base metal (chrome1-alumel) thermocouples. They are 
however more r e a d i l y contaminated i n the presence of carbonates 
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and sulphides* The advantages of base metal thermocouples are 
that they are cheap* r e a d i l y constructed and replaced and give 
a f a i r l y l arge E.M.F. Disadvantages l i e i n t h e i r s h o r t e r l i f e 
and ease of corrosion. I d e a l l y the thermocouple wires should 
be as t h i n as p o s s i b l e , and the p o s i t i o n of the thermocouple 
j u n c t i o n should be c e n t r a l , e s p e c i a l l y i n ceramic h o l d e r s . 
Temperature Recording Systems E s s e n t i a l l y the measuring 
system should be of low i n e r t i a i n order to give a rap i d and 
accurate response. V i s u a l readings of galvanometer d e f l e c t i o n s 
are time consuming. Photographic methods, though capable of 
high s e n s i t i v i t y , require dark room f a c i l i t i e s , w h i l s t auto-
matic pen and ink recording gives d i r e c t t r a c e s which may be 
observed as the determination proceeds* With these methods the 
tr a c e s are plo t t e d a g a i n s t time and so must be r e p l o t t e d on to a 
temperature b a s i s * 
Technique S t a n d a r d i s a t i o n 
S t a n d a r d i s a t i o n of technique i s e s s e n t i a l before comparable 
and reproducible d i f f e r e n t i a l thermal a n a l y s i s r e s u l t s may be 
obtained* I n t h i s connection the D.T.A. sub-committee of C.I.P.E.A. 
i n 1948 suggested a s t a n d a r d i s a t i o n scheme as followss 
1. I n a l l furnaces the heating r a t e should be 10 c/min - 1 C/ 
min, slow heating r a t e s g iving broad peaks and f a s t r a t e s narrow 
sharp peaks. 
2. The r a t e of temperature i n c r e a s e should be uniform. 
3. The p o s i t i o n of the temperature thermocouple ( i n i n e r t 
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or specimen) should be s t a t e d . 
I f the temperature thermocouple i s i n the i n e r t then i t 
should be s t a t e d whether the peak temperatures were c o r r e c t d 
to the temperature of the specimen, 
5. Peak temperatures should be given with maximum accur-
acy. 
6. Although only q u a l i t a t i v e methods may be attempted a t 
present a t t e n t i o n should be given to the development of qualita-
t i v e methods, 
7. P a r t i c l e s i z e should be s t a t e d , as i n some minerals 
the p a r t i c l e s i z e a f f e c t s the curves. 
8. Lack of uniformity of packing gives r i s e to b a s e - l i n e 
d r i f t due to d i f f e r e n c e s i n the thermal d i f f u s i v i t i e s of the 
specimen, A plunger charging device has been developed (Webb) 
but such refinements do not appear to be necessary as reproduc-
i b i l i t y of packing to \% may be reproduced manually. 
9. Standard pretreatment of sample i s recommended where 
there i s any chance of i m p u r i t i e s . 
10. S i z e of sample should be st a t e d . The specimen s i z e 
should be as small as p o s s i b l e commensurate with the s e n s i t i v -
i t y of the apparatus 9 peak temperature f o r 0 . 5 - 1,0 gm samples 
being w i t h i n the l i m i t s of v a r i a b i l i t y obtained f or 0,2 - 0.5 
samples but beyond t h i s range v a r i a t i o n was more apparent. 
11. D i l u t i o n of the sample with i n e r t may i n some cases be 
b e n e f i c i a l e s p e c i a l l y where there are d i f f e r e n c e s i n the thermal 
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p r o p e r t i e s of the i n e r t and the sample, 
12, I n e r t . As w e l l as g i v i n g no thermal e f f e c t i n the 
temperature range used, the thermal c h a r a c t e r i s t i c s of the i n e r t 
should resemble those of the samples being studied. I n a d d i t i o n 
the p a r t i c l e s i z e of the i n e r t and the specimen should be the 
same. 
I n t e r p r e t a t i o n of R e s u l t s 
With the acceptance of the i n t e r n a t i o n a l s t a n d a r d i s a t i o n 
scheme of 1948 as disc u s s e d p r e v i o u s l y , peak temperatures f o r 
the same mineral on d i f f e r e n t apparatuses tend to c l u s t e r round 
a mean value (- 5(fC f o r a la r g e peak o r - 3CfC f o r a small peak). 
The shape of the peak may be a d i a g n o s t i c f e a t u r e i n some cas e s . 
The a s s o c i a t i o n of peaks can often be used as a d i a g n o s t i c f e a -
t u r e . 
D e s c r i p t i o n of Apparatus 
The apparatus used i n the present study i s a mo d i f i c a t i o n 
of t h a t used a t the Rothampstead Experimental S t a t i o n and t h a t 
employed a t H.M. Geological Survey of Great B r i t a i n i n London, 
The c i r c u i t diagram i s shown i n f i g . 3 7 . The apparatus i s 
of medium s e n s i t i v i t y and has the advantage t h a t i t i s f u l l y 
automatic. 
The mains voltage i s s t a l H i z e d by a constant voltage t r a n s -
former (manufactured by Claude Lyons L t d . , Hoddeston, Herts.) 
g i v i n g an output of 230 v o l t s - 0.5/& a t 50 c y c l e s A.C. 
The furnace of the h o r i z o n t a l type (manufactured by C a t t e r -
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son Smith Ltd . , Wembley) incorporates a fused alumina specimen 
holder (manufactured by Thermal Syndicate L t d . , Wallsend). The 
c a v i t i e s f o r the i n e r t and sample are rect a n g u l a r and each has a 
capacity of approximately 1 c.c. 
The heating r a t e (lO°C/minute) i s recorded on a Kent K u l t e -
l e c Programme c o n t r o l l e r , the heating control thermocouple 
(26 s.w.g. chromel and alumel) being embedded i n the i n e r t sub-
stance. I n the course of operation the programme c o n t r o l l e r 
passes impulses to a Drayton motor which thence turns over and 
a l t e r s the v a r i a c the l a t t e r then t r a n s m i t t i n g greater power to 
the furnace. 
The temperature d i f f e r e n c e thermocouples (32 s.w.g. chromel 
and alumel) lead into mercury baths to allow l i q u i d contact and 
the d.t.a. curve i s recorded on a Kent multelec temperature d i f -
ference recorder ( a curve of temperature d i f f e r e n c e / t i m e ) . A 
fu r t h e r recorder, designated No. 3., i s coupled to the programme 
c o n t r o l l e r and p l o t s temperature/time. Every r i s e i n tempera-
ture of 60°C of the furnace, contact i s made to give a record. 
The i n e r t used i n the present study was alumina and the 
samples were - 90 • 120 mesh, s p e c i a l a t t e n t i o n being paid to the 
packing, a r e l a t i v e l y constant degree of packing being a t t a i n e d 
with f i n g e r pressure. 
Experimental Procedure 
Preparation of Samples 
The samples were crushed i n a percussion mortar and s i e v e d , 
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the f r a c t i o n - 90 + 120 mesh being used f o r the a n a l y s i s . 
Operation of Apparatus 
P r i o r to the operation the following routine checks and 
adjustments must be made: 
(1) The v a r i a c must be run back to a s c a l e reading of 
25-30 and then a c c u r a t e l y adjusted to a reading according to 
the furnace temperature. 
(2) The thermocouples should be checked to a s c e r t a i n whet-
her they are sound as they become b r i t t l e a f t e r use and may very 
e a s i l y be damaged during the removal of the product of the pre-
vious t e s t . 
(3) The charts on the three recorders should be adjusted. 
I n greater d e t a i l the working i n s t r u c t i o n s can be enumerated as 
below: 
General: 
Adjustment of v a r i a c : 
1. Mains switch and mains board 
switch to "ON". 
2. Connect low te n s i o n b a t t e r i e s 
i n Kent rec o r d e r s . 
1. Programme c o n t r o l l e r . C l u t c h 
o u t , v e r t i c a l p o s i t i o n . 
2. Programme c o n t r o l l e r . Return 
red control s e t t i n g to zero. 
3. Programme c o n t r o l l e r . Return 
temperature i n d i c a t o r to zero. 
4. Connect terminal connection to 
heating control thermocouple. 
5. Programme c o n t r o l l e r , motor and 
control switches to "ON" and 
allow v a r i a c to run back to 25 
on v a r i a c s c a l e . 
6. Test furnace temperature and 
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have recourse to " s t a n d a r d i s -
a t i o n curve" f o r v a r i a c s e t t i n g . 
7. Programme c o n t r o l l e r . Move red 
control s e t t i n g to 100-150 C and 
switch on motor and co n t r o l 
switches. Stop when point reached 
i s point on s t a n d a r d i s a t i o n curve 
equivalent to furnace temperature. 
8. Programme c o n t r o l l e r . Adjust 
chart to convenient point. 
9. Programme c o n t r o l l e r . Set 
programme cam. 
10. Programme c o n t r o l l e r . Clutch i n 
(NE.SV p o s i t i o n ) . 
To Test Thermocouples 1. I n s e r t terminal connections and 
and Reload: temperature d i f f e r e n c e thermo-
couple into mercury baths. 
2. To t e s t thermocouples, s w i t c h 
"on11 motor of Kent t e m p e r a t u r e 
d i f f e r e n c e recorder. By blow-
ing i n turn on the sample and 
i n e r t thermocouple, the recorder 
should r e g i s t e r exothermic and 
endothermic r e a c t i o n s r e s p e c t i v e -
l y . I f t h i s does not occur then 
probably one of the thermocouples 
i s broken. 
3. Charge i n e r t holder and sample 
holder paying p a r t i c u l a r a t t e n -
t i o n to packing. Cover sample 
with l i d and draw along furnace 
to surround sample block. 
4. Adjust chart to convenient place 
of temperature d i f f e r e n c e r e c o r -
der. 
5. Renew chart i n No.3. recorder. 
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To Set Operation i n 1. Furnace switch "ON". 
Motions 
2. Programme r o n t r c l motor "ON". 
3. Temperature Difference Recorder 
motor "ON". 
4. No. 3 Recorder motor "ON". 
5. Alarm Relay "ON". 
Correction of D.T.A.Curve 
The curve obtained from the temperature d i f f e r e n c e recorder 
i s a pl o t of temperature d i f f e r e n c e / t i m e . (See f i g , 3 8 ) . As the 
heating r a t e i s not constant the curves have to be r e p l o t t e d i n 
the more s i g n i f i c a n t form of temperature difference/temperature 
with the a i d of the p l o t temperature/time from the No.3. recorder. 
A t y p i c a l curve f o r temperature di f f e r e n c e / t i m e i s shown i n fi g , 3 9 . 
Review of Previous Work on D.T.A. of Manganese Minerals. 
The following review shows t h a t the D.T.A. of d i f f e r e n t spec-
imens of the same mineral are by no means i n agreement due probably 
to f a u l t y i d e n t i f i c a t i o n . V a r i a b l e curves are obtained even with 
s y n t h e t i c m a t e r i a l . Nevertheless c e r t a i n general conclusions can 
be drawn from a study of previous work. 
The various manganese minerals w i l l be d e a l t with i n turn. 
Manganosite 
A curve f o r t h i s mineral i s given by Rode (1955). 
B i x b y i t e 
Mackenzie (1957) reports no r e a c t i o n up to 1000°C. Rode 
(1955) recognises two f u r t h e r sesquioxidespond 0 kurnakite, the 
cc v a r i e t y being tetragonal l i k e braunite but without e s s e n t i a l 
- 195 
120 
9 0 
2 0 0 4 0 0 6CO 8 0 0 
T e m p e r a t u r e °C 
F I G 3 8 VARIATION OF HEATING R A T E WITH T IME 
1000 
AQfl 
Temp e r a t u r c 
£C^-._ _ 50Q 
3 0 oo 
T i m e ( M i n u t e s ) 
FIG.39 .VARIATI0N OF HEAT ING RATE WITH TIME 
9 C 
- 196 -
s i l i c a . On heating t h i s v a r i e t y gives an endothermic peak at 740 C 
representing the conversion to f> hausmannite. kurnakite, Rode (1955), 
and iron free bixbyite gives an endothermic peak at 1009°C representing 
the formation of /3 hausmannite* 
Braunite 
Kulp and P e r f e t t i (1950) report no thermal reaction f or braunite up 
to 1000°C. Mackenzie (1957) reports a s l i g h t but d i s t i n c t exothermic peak 
at 950°C. 
Pyrolusite 
Some s i x forms of dioxides have been described: ©c, @ ( p y r o l u s i t e ) , 
& , ramsdellite and manganous manganite. Pyrolusite gives an 
endotfcermic peak at 650 - 700°C representing i t s conversion to bixbyite, 
a l e s s e r endothermitr peak at 950 - 1050°C representing the conversion of 
bixbyite to Ji hausmannite and then t h e ^ - X hausmannite peak at 1200°C. 
Ramsdellite 
D.T.A* curves for ramsdellite have been given by McMurdie and 
Golovato (1948), Kulp and P e r f e t t i (1950) and C a i l l e r e and Kraut (1954). 
Kulp and P e r f e t t i show an exothermic peak at 120°C ( c a p i l l a r y water) and 
an exothermic break a t 500°C representing the inversion to py r o l u s i t e . 
C a i l l e r e and Kraut give t h i s l a t t e r break at 450°C. Above t h i s point 
the curve resembles that of pyr o l u s i t e . 
3MnQ£ - Nsutite 
McMurdie and Golovato (1948) and Zwicker et a l (1962) give a 
curve for t h i s modification s i m i l a r to that of pyrolusite except that 
the conversion to bixbyite occurs at a s l i g h t l y lower temperature. 
McMurdie and Golovato (1948) give a curve f or t'ds modification 
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showing a very large broad exothermic peak at 400 - 500 C and an 
endothermic peak at 900°C. 
Pyrochroite 
Solid solutions of t h i s mineral i n manganosite are reported 
by Rode (1955). 
Manganite 
Pavlovitch (1935) reports endothermic peaks at 370°C and 
at 960 - 980°C, the product a f t e r the f i r s t peak being dependent 
on the conditions. Kulp and P e r f e t t i (1950) report a sh^rp endo-
thermic peak at 380°C with a broader peak a t 950°C. Manganite 
goes to bixbyite at 350 - 400°C and the l a t t e r remains stable up 
to 800°C* Bixbyite as formed a t 400 C i s l e s s p e r f e c t l y c r y s t a l -
l i s e d than that formed at a higher temperature (700°C from pyro-
l u s i t e ) and t h i s i s c i t e d to explain the lower temperature at which 
the f i n a l c r y s t a l l i s a t i o n commences* Rode (1955) considers that 
the product at the f i r s t phase change i s bixbyite i n vacuo but 
pyrolusite i n a i r . A peak at 550 - 600°C (Nikolaev, Berg^and 
Rode (1944) and Rode (1955) in vacuo ) Rode (1955) considers to be 
due to the conversion of bixbyite to a mixture of oc and ft haus-
mannite or i n a i r to the decomposition of pyrolusite* 
Cryptomelane - Psilomelane Group 
Thermal curves for cryptomelane show an endothermic peak 
at 900 - 1000°C but otherwise show no constancy of reaction* 
o 
e s p e c i a l l y i n the temperature range 700 - 1000 C due to v a r i a t i o n s 
i n the products* McMurdie and Golovat* (1948)* These w r i t e r s show 
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that some cryptomelanes go s t r a i g h t to hausraannite whereas others 
pass through the intermediate b i x b y i t e phase, these v a r i a t i o n s 
are due they contend to the e f f e c t of c e r t a i n i m p u r i t i e s . P s i l -
omelane as reported by Kulp and P e r f e t t i (1950) and Mackenzie 
(1957) gives a broad exothermic r e a c t i o n from 800 - 1000°C repre-
senting the e a r l i e r w r i t e r s consider a " r e c y r s t a l l i s a t i o n " type 
of r e a c t i o n . Rode (1955) reports a completely d i f f e r e n t curve, 
a sharp exothermic peak a t 740°C and a sharp endothermic peak 
a t 1060°C. 
Hausmannite 
P a v l o v i t c h (1935) reports the conversion of hausmannite 
to a twinned form a t 960°C, however Rode (1955) considers t h i s 
r e a c t i o n represents the c?c - t r a n s i t i o n . Both these w r i t e r s and 
i n a d d i t i o n McMurdie and Golovato (1948) recognise the te t r a g o n a l 
0 - cubic K r e v e r s i b l e t r a n s i t i o n a t 1160 - 1250°C. Kulp and 
P e r f e t t i (1950) do not record any thermal r e a c t i o n i n the temper-
ature range up to 1.000°C. 
Resul t s of D.T.A. Study 
The i n d i v i d u a l minerals are considered i n turn belows 
Manganosite 
A specimen of manganosite, a s s o c i a t e d with z i n c i t e and con-
t a i n i n g z i n c i t e along the octahedral d i r e c t i o n s gave a broad 
exothermic r e a c t i o n with a peak a t 900 - 930°C. (fig.44. XXIX) 
B i x b y i t e 
A massive, c o a r s e l y granular specimen of b i x b y i t e from 
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S i t a p a r , I n d i a , on thermal a n a l y s i s gave no r e a c t i o n up to 
1050°C. ( f i g . 4 4 X X l l ) . This i s i n accord with a curve given by 
Mackenzie (1957) but r a t h e r unexpected as when b i x b y i t e i s 
formed during the thermal a n a l y s i s of manganite (380 - 420°c) 
and p y r o l u s i t e (700°C) i t i s i t s e l f transformed i n t o hausmannite 
i n the region of 1000°C. 
Braunite 
A specimen of c o a r s e l y granular braunite from Piedmont 
gave no thermal r e a c t i o n up to 1050°C, ( f i g . 4 4 X X l l l ) agreeing 
with a curve given by Kulp and P e r f e t t i (1950). Mackenzie (1957) 
reports a s l i g h t but d i s t i n c t exothermic peak a t 950°C. 
Manganese Dioxide 
Some f i v e samples of commercial MnO^ were obtained from 
A.E.I. Ltd., Spennymoor. These were subjected to d i f f e r e n t i a l 
thermal a n a l y s i s and the r e s u l t s were as f o l l o w s : 
( a ) E l e c t r o l y t i c MnOg. The d.t.a. curve ( f i g . 4 0 i ) shows 
a small endothermic peak a t 100 - 120°C followed by a stronger 
exothermic peak a t 200°C. A sharp endothermic peak a t 620°C 
followed by a l a r g e r broader exothermic peak a t 690°C. At 1040°C 
there i s a f u r t h e r sharp endothermic peak corresponding to the 
formation of hausmannite. McMurdie and Golovato (1948) report 
the curve f o r an e l e c t r o l y t i c a l l y prepared tfMnO^ as having a 
l a r g e exothermic peak near 700°C due they suggest to the oxida-
t i o n of carbon present. 
(b) Japanese E l e c t r o l y t i c Manganese. The thermal curve 
200 -
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( f i g . 40 I I ) f o r t h i s m a t e r i a l shows a small endothermic peak a t 
125 VC followed by an exothermic peak at 175 C. A very strong 
endothermic peak occurs a t 630°C and a smaller endothermic peak a t 
1010°C. The operation was stopped a t 800°C and a small amount of 
the sample removed f o r X-ray revealed only b i x b y i t e l i n e s . The 
f i n a l product, a brown colour was i d e n t i f i e d as hausmannite. 
( c ) Manganese Dioxide - ex B a i r d Chemical Company - B a t t e r y 
Grade A. I n t h i s specimen the f i r s t endothermic peak ( f i g . 4 0 I I I ) 
occused a t 120°C but no exothermic peak was noted. The dioxide to 
sesquioxide peak occurred a t 600°C and the t r a n s i t i o n to hausmannite 
showed up a t 1020°C. 
(d) Manganese Dioxide 1 Ex B a i r d Chemical Company - B a t t e r y 
Grade B. The thermal curve ( f i g . 4 0 IV) f o r t h i s m a t e r i a l i s very 
s i m i l a r to t h a t obtained f o r the grade A m a t e r i a l , the endothermic 
peaks being r e s p e c t i v e l y a t 125, 630 and 1000°C. 
(e) A c t i v a t e d Manganese Dioxide. This a n a t u r a l l y o c c u r r i n g 
m a t e r i a l which has been chemically t r e a t e d to improve i t s open c i r -
c u i t voltage and storage c h a r a c t e r i s t i c s i n the manufacture of dry 
c e l l s . The thermal curve ( f i g . 4 0 V) shows endothermic peaks a t 
120°C (followed by a very s l i g h t exothermic peak a t 170°C, 590 and 
1020°C). A point of minor i n t e r e s t i s that the 590°C peak i s sym-
m e t r i c a l , normally the r e t u r n curve i s the steeper. 
Conclusionss I t may be s a i d i n conclusion t h a t the s y n t h e t i c 
dioxides can be t y p i f i e d as g i v i n g thermal curves with a small endo-
O "*" 
thermic peak at 100 - 125 C - a smaller exothermic peak a t 170 -
202 -
200°C) a major endothermic peak a t 590 - 630°C and a l e s s e r though 
s t i l l major endothermic peak a t 1010 - 1040°C. The peak a t 100 -
125°C i s thought to represent dehydration while t h a t a t 590 -
630°C represents the conversion of the dioxide to the sesquioxide 
( b i x b y i t e ) and t h a t a t 1010 - 1040 C the t r a n s i t i o n from b i x b y i t e 
to hausmannite. 
P y r o l u s i t e 
Four samples which gave only p y r o l u s i t e l i n e s on powder photo-
graphs were examined by d.t.a. and gave r e s u l t s as f o l l o w s : 
(a) F i n e l y c r y s t a l l i n e m a t e r i a l from I I f e l d , flarz, Germany 
gave a broad though s l i g h t exothermic r e a c t i o n from 240 - 290°C 
(fig.41 V I ) followed by a sharp endothermic peak a t 700°C, the r e t u r n 
curve being the steeper. A f u r t h e r strong endothermic peak, though 
s l i g h t l y weaker than t h a t a t 700°C has a peak temperature of 1025°C. 
(b) A specimen of p y r o l u s i t e g r a i n s o c c u r r i n g as en c r u s t a t i o n s , 
from Rossbach, Westerwald, gave the three peaks ( f i g . 4 1 V l l ) mentioned 
i n (a) a t 220 - 270, 695 and a t 1025°C i n point of f a c t corresponding 
very c l o s e l y to ( a ) . 
( c ) A massive though c r y s t a l l i n e specimen of p y r o l u s i t e from 
Ilmenau, Thuringia, gave curves ( f i g . 4 1 V l l l ) a t 200 - 250, 695 and 
1020°C again s i m i l a r to the samples already described. A point of 
i n t e r e s t i n the peaks themselves i s t h a t they are much sm a l l e r than 
the two samples already described, due to the f a c t t h a t the thermo-
couple j u n c t i o n had become misplaced towards the edge of the sample 
holder and so the phase changes did not give such strong curves. 
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(d) The unlocated specimen of t a b u l a r p y r o l u s i t e gave a t h e r -
mal curve, ( f i g * 4 1 IX) l a c k i n g the small exothermic peak noted i n the 
other p y r o l u s i t e s studied but with the t y p i c a l endothermic peaks a t 
700 - 1025°C. 
Conclusions; Three of the p y r o l u s i t e samples studied give a 
small broad exothermic r e a c t i o n a t 200 - 290°C. A major endothermic 
peak a t 695 - 700°C represents the conversion of p y r o l u s i t e to 
b i x b y i t e and the l a t t e r i s converted to hausmannite a t 1020 - 1025°C. 
These r e s u l t s are i n accord with e a r l i e r work except t h a t the small 
exothermic r e a c t i o n has not been observed. 
*Mn0g - N s u t i t e 
Two samples of BMnO^ were examined and gave r e s u l t s as f o l l o w s : 
(a) An unlocated bot r y o i d a l v a r i e t y gave a medium s i z e d endoth-
ermic peak (f i g . 4 1 X) a t 570°C followed by a stronger peak a t 650°C, 
and i n turn i s succeeded by the b i x b y i t e - hausmannite peak a t 1000°C. 
(b) A f i n e grained v a r i e t y from Ghana gave endothermic peaks 
(fig.41 X I ) a t 670 and 1030°C corresponding very c l o s e l y to thermal 
curves obtained by McMurdie and Golovato (1948) Z wicker e t a l (1962) 
on samples from the same region. 
Conclusions: The £Mn0 curves show the f i r s t major endother-
mic peak a t a s l i g h t l y lower temperature (650 - 670°c) than t h a t of 
p y r o l u s i t e (695 - 700°c) as was noted by McMurdie and Golovato (1948). 
I n a d d i t i o n the curves show considerable base l i n e d r i f t up to 600°C 
a feature not observed with the p y r o l u s i t e curves. 
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Fyxochroite 
The specimen of pyrochroite from Pajberg, Sweden, gave small 
broad endothermic peaks at 140 - 180°C and 290°C (fig . 4 4 XXX) and 
f i n a l l y a f a i r l y broad medium s i z e d endothermic peak a t 960°C« 
Manganite 
Three samples of manganite were analysed, one sample being 
p a r t i a l l y a l t e r e d to p y r o l u s i t e , 
(a) A well c r y s t a l l i s e d v a r i e t y from I I f e l d , Harz, Germany, 
gave a very sharp endothermic peak a t 420°C ( f i g , 4 3 XIX ) followed 
by a small broad endothermic peak a t 560 - 590°C, and then a f i n a l 
endothermic peak a t 1030°C. 
(b) A sample of separate columns of manganite of unknown l o c a -
t i o n gives an endothermic peak a t 385°C ( f i g . 4 3 XX) followed by 
s l i g h t endothermic peak a t 600°C and a stronger one a t 670°C, the 
c h a r a c t e r i s t i c b i x b y i t e to hausmannite peak o c c u r r i n g a t 1010°C. 
( c ) A sample of manganite i d e n t i f i e d as being p a r t i a l l y r e -
placed by p y r o l u s i t e from a polished s e c t i o n and X-ray study gives 
the c h a r a c t e r i s t i c manganite - b i x b y i t e peak a t 380°C ( f i g * 4 3 XXI) 
but i s followed by a much stronger peak a t 660°C which masks the 
560 - 600°C peak and i s i n point of f a c t stronger than the 380°C 
peak* This 660°C peak c l e a r l y represents the conversion of the 
p y r o l u s i t e to b i x b y i t e * The f i n a l peak occurs a t 1015°C* 
Conclusionst Manganite t y p i c a l l y gives a strong endothermic 
peak a t 380 - 420°C, a s l i g h t broad endothermic r e a c t i o n a t 560 -
600°C and a f u r t h e r endothermic peak a t 1010 - 1030°C, r e p r e s e n t i n g 
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the formation of hausmannite. 
Psilomelane 
A f i n e grained psilomelane from Cap Rock D i s t r i c t , Grant 
Co., N.M. gives a thermal curve ( f i g . 4 2 XV) with an exothermic 
peak a t 750°C, a sharp endothermic peak a t 825°C and an endo-
thermic sweep, the peak temperature exceeding 1050°C. These 
r e s u l t s c o n f l i c t with the curve f o r psilomelane given by Kulp 
and P e r f e t t i (1950) who recorded a broad exothermic r e a c t i o n 
with a peak a t 950°C but are i n b e t t e r accord with the r e s u l t s 
of Rode (1955) who recorded an exothermic peak a t 740°C and a 
s l i g h t endothermic peak a t 810°C - a broad exothermic phase f o l -
lowed by the strong endothermic peak a t 1060°C, the l a t t e r being 
too high to observe i n the present study. 
F r a n k l i n i t e 
Four specimens of F r a n k l i n i t e , a Mn bearing s p i n e l , were 
analysed from the type l o c a l i t y of F r a n k l i n Furnace, N.J. 
( a ) F r a n k l i n i t e occurring as separate octahedra gave a med-
ium s i z e d exothermic peak a t 480 - 500°C ( f i g . 4 4 XXV) 
(b) A specimen of f r a n k l i n i t e a s s o c i a t e d with z i n c i t e gave 
no thermal r e a c t i o n over the temperature range studied ( f i g . 4 4 XXVI). 
( c ) A specimen of f r a n k l i n i t e o c c u r r i n g as large octahedra 
gave no thermal r e a c t i o n over the temperature range studied ( f i g . 4 4 
X X V I I ) . 
(d) A massive v a r i e t y l a b e l l e d f r a n k l i n i t e gave an exothermic 
o o peak a t 480 C and a broader exothermic peak a t 950 - 995 C. 
( f i g . 4 4 X X V I I l ) . On X-ray the f i n a l product was found to be hema-
t i t e , i n d i c a t i n g that the sample was magnetite r a t h e r than f r a n k l i -
n i t e , see X-ray data. 
Conclusions: We can conclude t h a t t y p i c a l l y f r a n k l i n i t e does 
not show any thermal r e a c t i o n up to 1050°C. 
Hausmannite 
A c o a r s e l y granular, r a t h e r f r i a b l e specimen of hausmannite 
from I I f e l d , The Harz, Germany, gave no thermal curve over the 
temperature range studied, ( f i g . 4 4 XXIV). A s l i g h t endothermic peak 
a t 950°C reported by P a v l o v i t c h (1935) and Rode (1955) was a t t r i b u -
ted r e s p e c t i v e l y to the formation of a twinned m o d i f i c a t i o n and the 
<*- &hausmannite t r a n s i t i o n . 
Chalcophanite 
A s i n g l e specimen of chalcophanite was analysed thermally. 
The chalcophanite from S t i r l i n g H i l l , N.J., occurs as small c r y s t a l s 
l i n i n g vughs. A strong endothermic peak occurs a t 220°C ( f i g . 4 4 
XXXI) followed by a broader and weaker endothermic peak a t 570 -
580°C. No f u r t h e r curves were noted up to 1050°C. 
Coronadite 
A s i n g l e specimen of coronadite from I m i n i , Morocco was 
analysed thermally ( f i g . 4 2 X I I ) and i t gave a medium s i z e d , sharp 
endothermic peak a t 880°C followed by a stronger and sharper peak 
a t 1020°C. 
Hollandite 
A specimen of Hollandite from the K a j l i d o n g r i mine, I n d i a , 
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gave a r a t h e r i n d i s t i n c t endothermic r e a c t i o n ( f i g . 4 2 X I I I ) a t 
800 - 900°C followed by an endothermic r e a c t i o n s t a r t i n g a t 940°C 
but the peak temperature of t h i s was above the l i m i t of the record-
er - 1050°C. 
Cryptomelane 
Four Two samples of cryptomelane analysed thermally give v a r i a b l e 
r e s u l t s as f o l l o w s : 
(a) A massive f i n e grained v a r i e t y from Devon, i n the form of 
r a d i a t i n g r i b s 0.25 inches i n diameter gives on a n a l y s i s 
a small r a t h e r broad exothermic peak a t 220 - 260°C followed by 
smaller exothermic peaks a t 640 and 790°C, and endothermic peak a t 
875°C, and exothermic peak a t 960°C and a f i n a l endothermic peak 
at 1000°C. 
(b) A very f i n e grained, massive v a r i e t y from Sugar S t i c k , 
Arkansas gives a broad exothermic peak ( f i g . 4 2 XVI) a t 860 - 890°C 
followed by an endothermic peak a t 960°C and a s m a l l e r exothermic 
a t 990°C. 
( c ) A specimen from the Hoggett Mine, Hidalgo County, N.M. 
gives a curve quite d i f f e r e n t from e i t h e r of those described above, 
( f i g . 4 2 XVTl) - a gradual endothermic phase begins a t 800°C and 
reaches a peak a t 980°C. 
(d) A f i n e grained concretionary v a r i e t y from Orkney gave a 
d i s t i n c t exothermic peak ( f i g . 4 2 XIV) a t 750 C followed by a sharp 
endothermic peak a t 850°C and i n turn followed by an endothermic 
sweep from 980°C, the peak temperature exceeding 1050°C. 
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Conclusions: From the above d e t a i l e d d e s c r i p t i o n i t i s e v i -
dent t h a t with the exception of an endothermic peak a t 960 - 1000°C 
the cryptomelane samples d i s p l a y no c h a r a c t e r i s t i c thermal curve, 
i n s p i t e of the f a c t that t h e i r powder photographs are i d e n t i c a l . 
An endothermic peak i n the region 900 - 1000°C was recorded i n three 
cryptomelanes by McMurdie and Golovato (1948), Rode (1955) s i m i l a r l y 
records t h i s endothermic peak but i n add i t i o n shows a strong endot-
hermic peak a t 240°C and a strong exothermic peak a t 500°C. 
Conclusions of D.T.A. Study 
I t has been shown that the most commonly occ u r r i n g types -
p y r o l u s i t e , 3MnO^, - N s u t i t e , cryptomelane and psilomelane, pyro— 
l u s i t e i s c h a r a c t e r i s e d by a phase change to b i x b y i t e a t 700°C. I n 
the case of tfMnO^ t h i s change takes place a t 650°C and hence the two 
forms may be i d e n t i f i e d according to the temperature of the phase 
change. No members of the cryptomelane group show t h i s change to 
b i x b y i t e . The thermal curves of cryptomelane, psilomelane, corona-
d i t e and h o l l a n d i t e are quite v a r i a b l e , Psilomelane appears to be 
c h a r a c t e r i s e d by an exothermic peak a t 750°C followed by endothermic 
peaks a t 825 - 850°C and a t g r e a t e r than 1050°C, Coronadite shows 
sharper endothermic peaks than psilomelane a t 880°C and 1020°C where-
as h o l l a n d i t e has no marked phase change equivalent to the lower 
coronadite and psilomelane endothermic r e a c t i o n a t more than 1050°C, 
Four cryptomelanes gave correspondingly v a r i a b l e curves and cannot 
therefore be c h a r a c t e r i s e d to a p a r t i c u l a r curve. Manganite i s d i s -
tinguished by a strong endothermic r e a c t i o n a t 380 - 400°C i n d i c a t i v e 
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of i t s conversion to p y r o l u s i t e and then a t higher temperatures i s 
s i m i l a r to the p y r o l u s i t e curve. Chalcophanite shows a strong 
endothermic peak a t 220°C followed by a weaker endothermic r e a c t i o n 
a t 570 - 580°C. None of the other minerals show p a r t i c u l a r l y d i s -
t i n g u i s h a b l e curves. An i n t e r e s t i n g feature i s t h a t n a t u r a l b i x b y i t e 
shows no r e a c t i o n up to 1025°C whereas b i x b y i t e as formed from pyro-
l u s i t e a t 700°C i s converted to hausmannite a t 1020 - 1025°C. 
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CHAPTER V I I I 
GENERAL CONCLUSIONS & RECOMMENDATIONS 
The conclusions regarding the various aspects of the current 
study are presented i n turn be lour* 
Conclusions of X-ray A n a l y s i s 
X-ray d i f f r a c t i o n a n a l y s i s provides a means f o r the r a p i d 
i d e n t i f i c a t i o n of the vari o u s phases present i n a mixture. To a i d 
a r a p i d r e c o g n i t i o n of the separate phases a chart i s provided 
showing the strongest l i n e s of the va r i o u s manganese minerals, and 
f o r confirmatory purposes ' s t i c k diagrams 1 of the d i f f r a c t i o n l i n e s 
of the vari o u s mineral species are a l s o presented. Caution i s how~ 
ever necessary when dealing with the cryptomelane, coronadite, 
h o l l a n d i t e group because of the i s o - s t r u c t u r a l r e l a t i o n s h i p s of the 
three minerals* 
Conclusions Regarding P o l i s h i n g Method 
The method employed i n the current work e n t a i l s p r e l i m i n a r y 
grinding using 400 and 700 grade carborundum followed by abrasion 
using a c a s t wax abr a s i v e l a p , t h i s l a t t e r stage being h i g h l y c r i t i -
c a l . P o l i s h i n g i s c a r r i e d out by means of 6/3 and i/\ grade diamond 
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paste on b a l s a wood laps followed by f i n a l p o l i s h i n g using magnesia 
on napless nylon simplex. Due to the h i g h l y v a r i a b l e nature of the 
manganese minerals studied no standard procedure may be adopted, 
each mineral having to be polished on the b a s i s of i t s own r e q u i r e -
ments. As a general p o l i s h i n g method, t h i s method has considerable 
a p p l i c a t i o n i n routine work, producing a high q u a l i t y s u r f a c e with 
a minimum of r e l i e f very q u i c k l y . 
Conclusions of Micro-Hardness Study 
(a) I t has been shown t h a t with c a r e f u l use, with a t t e n t i o n 
paid to the e l i m i n a t i o n of sources of e r r o r or l o s s of p r e c i s i o n the 
method i s capable of providing r e s u l t s comparable to those obtained 
by e a r l i e r workers, Bowie & Taylor (1958) and Nakhla (1956). 
(b) Routine hardness determinations of the manganese minerals 
obtained i n the present work show a general correspondence with 
those of Bowie & Taylor (1958) and Nakhla (1956). There are however 
s e v e r a l exceptions to t h i s g e n e r a l i s a t i o n e.g. manganite and braunite 
which i t i s f e l t are a r e f l e c t i o n of hardness v a r i a t i o n i n the respec-
t i v e samples t e s t e d , i n view of the otherwise good correspondence 
between d i f f e r e n t workers. Hardness values are given f o r eight min-
e r a l s which have not p r e v i o u s l y been a s c r i b e d hardness v a l u e s . The 
most frequently o c c u r r i n g manganese minerals show a r e s t r i c t e d range 
i n hardness v a l u e s , s i m i l a r l y the value i s frequently a measure of 
the hardness of the intergrowth due to the f i n e n e s s of g r a i n of the 
samples, and hence i s not a t r u e measure of the hardness of the 
c r y s t a l . 
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( c ) I t has been demonstrated that there i s an apparent 
increase of hardness with decreasing applied load* I t i s consid-
ered that t h i s v a r i a t i o n i s due to the hardness being based on the 
s i z e of the impression a f t e r the removal of the indenter ( i . e . a f t e r 
a c e r t a i n amount of e l a s t i c recovery has taken place) rather than 
the unrecovered hardness. I t has been demonstrated that the amount 
of the e l a s t i c recovery i s constant for a given mineral i r r e s p e c t i v e 
of the s i z e of the impression, t h i s constant forms a greater proportion 
of the length of the indentation with decreasing loads hence giving 
the appearance of an increase of hardness with decreasing load* 
(d) Hardness anisotropy has been demonstrated i n f i v e manganese 
minerals studied. The strength of the anisotropy does not however 
compare with that recognised i n anisotropic minerals by e a r l i e r 
workers using a Enoop indenter which i s geometrically better suited 
to display anisotropy in hardness than the square based Vickers 
indenter: Hardness anisotropism i s related to anisotropism i n the 
bond strength within the c r y s t a l l a t t i c e i n so f a r as i t e f f e c t s the 
disposition of planes of movement within the c r y s t a l . 
(e) I t has been noted that the form and q u a l i t y of the inden-
tation v a r i e s and that mineral species may be i d e n t i f i e d with a 
p a r t i c u l a r form of indentation. The actual form may vary somewhat 
with the orientation of the indenter diagonals to the c r y s t a l orien-
t a t i o n . Variations i n form of the indentation are attributed to the 
nature of movement within the mineral. 
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( f ) I n view of the foregoing points i t i s f e l t t h a t f o r 
s i g n i f i c a n t hardness values to be obtained i t i s necessary to record 
the following f e a t u r e s s 
1. Nature of m a t e r i a l t e s t e d . 
2. Shape and q u a l i t y of impression* 
3. Weight of applied load, 
4. C r y s t a l o r i e n t a t i o n of t e s t piece i f known. 
Conclusions & A p p l i c a t i o n s of Optical Study 
(a) Due to the nature of the problem, i . e . determining r e f l e c t i -
v i t i e s a t p a r t i c u l a r wavelengths i n the v i s i b l e spectrum, i t was 
necessary to employ a h i g h l y s e n s i t i v e method. Towards t h i s end a 
photomultiplier was used as the l i g h t s e n s i t i v e c e l l . 
(b) R e f l e c t i v i t y determinations on p y r i t e made by means of the 
• d i r e c t method 1 as described by Hallimond (1957) show a v e r y c l o s e 
correspondence to the values quoted by the e a r l i e r worker using a 
Cooke Troughton & Simms v i s u a l photometer. The values of the v i o l e t 
end of the spectrum of the present w r i t e r are s l i g h t l y lower than 
those obtained by Hallimond. 
( c ) White l i g h t r e f l e c t i v i t y v alues have been determined i n 
a i r and i n o i l and serve as a means of d i s t i n g u i s h i n g between the 
p r i n c i p a l mineral groups. I t i s f e l t however t h a t white l i g h t 
v a lues are of l i m i t e d importance f o r comparison of r e f l e c t i v i t y as 
determined by d i f f e r e n t workers. This i s due to v a r i a t i o n s i n the 
response of v a r i o u s p h o t o c e l l s employed i n d i f f e r e n t l a b o r a t o r i e s . 
(d) I n view of the conclusions of ( c ) above, r e f l e c t i v i t y 
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determinations were made both i n a i r and i n o i l a t eig h t wavelengths 
w i t h i n the v i s i b l e spectrum. I n a l l minerals studied the r e f l e c t i v -
i t y i n v i o l e t l i g h t was greater than that i n red l i g h t . The absolute 
s p e c t r a l d i s p e r s i o n Rv - Rr was found to be greater i n the more 
hig h l y r e f l e c t i n g minerals, so affo r d i n g a means of d i s t i n g u i s h i n g 
the psilomelane cryptomelane - coronadite - ho11audite group from 
the lower r e f l e c t i n g forms. When R v ^ r i s plotted a g a i n s t Rv the 
i t V 
grouping disappears, i n d i c a t i n g t h a t i t i s s o l e l y r e l a t e d to the Rv 
value. I t i s f e l t n e v e r t h e l e s s that s p e c t r a l r e f l e c t i v i t y v a l u e s 
a f f o r d a more accurate means of obtaining comparable r e f l e c t i v i t y 
v a l u e s . Although the present values were obtained using I l f o r d 
spectrum f i l t e r s , a monochromator would a f f o r d a means of obtaining 
more accurate v a l u e s . 
(e) By means of the F r e s n e l formula curves of —g i . e . 
• were c a l c u l a t e d for v a r i o u s values of 'Ra 1 and l n l . Using Ra 
these curves i t was po s s i b l e to determine values of 'n*, the r e f r a c -
t i v e index of the manganese mi n e r a l s . 'K1, the absorption index, 
was l i k e w i s e determined. The va l u e s obtained mostly show a very good 
correspondence to values determined by c l a s s i c a l methods quoted by 
Dana and by Laraen & Berman. The r e f r a c t i v e i n d i c e s of chalcophanite 
were determined as 0 « 2.70 and E - 1.75 (Dana 0 = 2.72) and mangan-
i t e a - b - 2.25 and c « 2.53). R e f r a c t i v e and absorption i n d i c e s 
for the following s p e c i e s have not been recorded p r e v i o u s l y and are 
given i n the present study b i x b y i t e , g r o u t i t e , b r a u n i t e , coronadite, 
cryptomelane, psilomelane, h o l l a n d i t e , fcMnO^ ~ Nsutite and c r e d n e r i t e . 
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Conclusions of D, T, A, 
(a) By v i r t u e of the primary d i f f i c u l t y of i d e n t i f i c a t i o n of 
p a r t i c u l a r manganese minerals, c o n f l i c t i n g thermal curves have been 
a t t r i b u t e d to c e r t a i n species of manganese minerals by previous 
workers on the subject* 
(b) I n the d i s c u s s i o n of the d i f f e r e n t i a l thermal a n a l y s i s 
curves i t was shown that the method provides a means for d i s t i n g u i s -
hing the members of the psilomelane - cryptomelane - coronadite -
h o l l a n d i t e group from one another. I n a d d i t i o n p y r o l u s i t e may be 
r e a d i l y d i s t i n g u i s h e d from XMnO^ both of which have curves quite 
d i s t i n c t from those of the psilomelane - cryptomelane group. Simi-
l a r l y manganite may be recognised by v i r t u e of i t s endothermic con-
v e r s i o n to p y r o l u s i t e a t 380 - 400°C, D i f f e r e n t i a l thermal a n a l y s i s 
then provides a means f o r d i s t i n g u i s h i n g the important manganese 
minerals from one another. 
Recommendations 
1, Although the techniques studied or developed have been 
applied s p e c i f i c a l l y to the manganese oxide m i n e r a l s , the number of 
samples examined i n no way attempts to make the study f u l l y compre-
hensive. Nevertheless i n d i c a t i o n s of the r e l a t i v e merits of these 
techniques with reference to t h i s p a r t i c u l a r problem have been obtain-
ed. I t i s f e l t t h at i t would be most b e n e f i c i a l i f they were to be 
applied to as f u l l y comprehensive a s u i t e of samples as p o s s i b l e . 
2, Due to shortage of a v a i l a b l e time i t was not p o s s i b l e to 
i n v e s t i g a t e the r o t a t i o n angles of the minerals. Considerable a t t e n -
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t i o n has been paid to t h i s property by Cameron (1962), Although 
such an i n v e s t i g a t i o n would be u s e f u l i t i s f e l t t h a t the range 
of r o t a t i o n angles of the minerals i s so small i t would not serve 
as a d i a g n o s t i c property. 
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APPENDIX I 
SYSTEMATIC DATA 
Manganosite 
Specimen 
Sample No. Location Description 
52108(C) Franklin Furnace, N.J. Massive with z i n c i t e . 
Z i n c i t e inclusions along 
octahedral d i r e c t i o n s . 
X-Ray ana l y s i s 
The powder pattern agrees very well with the data of previous authors, 
the three strongest l i n e s being 2.22, 1.57 and 2.55. In addition to the 
manganosite pattern weak l i n e s of z i n c i t e were recorded, i . e . 2.81, 2.59 
and 2.47. 
a 0 for manganosite was calculated as 4.4409 
Micro-hardness determinations 
Impression: perfect to s l i g h t l y convex. 
Dislocations: no evidence of any fractu r i n g e t c . 
Hardness determination: 
Variation of hardness with applied load 
Load Range Mean 
100 gm. 314 - 325 319 
30 gm. 339 - 356 350 
10 gm. 358 - 378 368 
S>€& a p p e n d i x ^ " t^yjr^b^r refers to C<Kto.lojUC 
5u/fix * fe source <rf h*a"kr'ia/. 
Optical determinations 
B a R 0 
n 
White Light 15.0 4.1 2.17 
V 15.0 4.3 2.1 
B 14.9 4.2 2.1 
BG 14.6 4.0 2.1 
G 14.4 3.9 2.1 
YG 14.4 4.0 2.1 
Y 13.9 3.9 2.1 
0 13.7 3.5 2.1 
R 13.7 3.9 2.1 
D.T.A. 
Ra(r-r) 1.3 Ro(v-r) 0.4 
K 
05 
The specimen of manganosite associated with z i n c i t e was subjected 
to D.T.A. The curve gave a small broad exothermic reaction with a 
peak at 900 - 930°C. ( F i g . 44, XXIX). No previous curve for manganosite 
appears i n the l i t e r a t u r e . 
- A 2 -
Bixbyite 
Specimens 
Three samples of bixbyite were examined as below. 
Sample No. Location Description 
2 Sitapar, CP., In d i a . Massive bixbyite. 
10 Dugway, Utah. Discrete cubes of bixbyite. 
14 Sitapar, CP., I n d i a . Massive bixbyite. 
X-Ray analysis 
S i m i l a r powder patterns were obtained from a l l three samples, the 
three strongest l i n e s being at 2.70, 1.66 and 1.42A. 
as determined on the cubes from Dugway was calculated to be 
9.41OA. 
Micro-hardness determinations 
Impression: perfect to s l i g h t l y concave* 
Dislocations: r a d i a l fractures from corners of the impressions 
and s h e l l f ractures surrounding the impression (with 100 gm. load). 
Hardness determination: hardness t e s t s c a r r i e d out on the three 
samples of bixbyite gave very s i m i l a r values, i n addition a very s i m i l a r 
v a r i a t i o n of hardness with load was noted. 
Sample No. 2 10 14 
100 gm. 1081-1115 (1097) 1081-1115 (1097) 1132-1168 (1142) 
30 gm. 1100-1190 (1140) 1100-1190 (1140) 1190-1300 (1240) 
10 gm. 1103-1219 (1159) 1140-1170 (1159) 1219-1355 (1284) 
- A 3 -
Optical determinations Sample ^ l o 
R a R o n K 
White Light 23.3 10.2 2.45 .15 
V 22*2 9.7 2.3 .3 
B 22.2 9.6 2.4 .3 
BG 22.0 9.5 2.4 .3 
G 22.5 9.3 2.4 .3 
YG 22.7 8.9 2.7 .0 
Y 22.4 9.0 2.6 .1 
0 21,8 9.1 2.4 .3 
R 21.2 8.4 2.4 .25 
\ ( v - r ) 1.0 R (v-
0* 
r ) 1.3 
D.T.A. 
A massive, coarsely granular specimen of bixbyite from Sitapar, 
India, on thermal a n a l y s i s gave no reaction up to 1050°C. (Pig. 44, X X I l ) . 
This i s in accord with a curve given by Mackenzie (1957) but rather 
unexpected as when bixbyite i s formed during the thermal a n a l y s i s of 
manganite (380 - 420°C.) and pyrolusite (700°C.) i t i s i t s e l f transformed 
into hausmannite in the region of 1000°C. 
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Breunite 
Specimens 
Sample No. Location Description 
BM 85040 Langban, Sweden Braunite c r y s t a l s . 
8830(D) Piedmont Massive braunite. 
Elgensberg, Thuringia Granular braunite. 
X-Ray Analysis 
The c r y s t a l s of braunite from Langban, Varmland, Sweden, gave 
three strongest l i n e s at 2.708, 1.66 and 1.42, i n accord with published 
data. A second sample from the mineralogical c o l l e c t i o n of Durham 
Unive r s i t y gave a pattern i n agreement with t h i s . 
Micro-hardness determinations 
Impression: s l i g h t l y concave. 
Di s l o c a t i o n : fractures to form t a i l s from corners of the indentation 
and with 100 gm. load s h e l l f ractures develop around the impression. 
Sample Load Range Mean 
Braunite c r y s t a l s 100 gm. 1064 - 1132 1097 
Massive braunite 100 gm. 1115 - 1187 1132 
Elgensberg, Thuringia 100 gm. 772 - 792 782 
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Optical determinations B M SSOA-O . 
R R n K a o 
White Light 21.8 - 22.4 8.7 - 9.0 2.50 - 2.60 .0 - .0 
V 21.7 - 22.8 8.8 - 9.3 2.47 - 2.57 .20 - .20 
B 21.5 - 22.5 8.3 - 8.8 2.55 - 2.65 .1 - .1 
BG 20.6 - 21.7 7.9 - 8.0 2.48 - 2.55 .1 - .1 
G 20.7 - 21.7 7.5 - 8.0 2.60 - 2.7 .0 -
YG 20.4 - 21.4 6.9 - 7.4 2.60 - - — 
Y 19.8 - 20.7 6.9 - 7.3 2.45 - 2.6 .05 .0 
0 19.4 - 20.2 7.1 - 7.5 2.3 -- 2.55 .1 .0 
R 19.0 - 19.7 6.4 - 6.85 2.4 -- 2.45 • 05 .05 
R a(v- r ) Ro(v-r ) 
2.7 3.1 2.4 2.5 
D.T.A. 
A specimen of coarsely granular braunite from Piedmont gave no 
thermal reaction up to 1050°C. ( F i g . 44, X X I I l ) , agreeing with a curve 
given by Kulp & P e r f e t t i (1950). Mackenzie (1957) reports a s l i g h t 
but d i s t i n c t exothermic peak a t 950°C. 
The two values given i n each column here and for other 
minerals are measurements p a r a l l e l to the p r i n c i p a l d i r e c t i o n s of a 
single g rain. Although i n some cases, one a t l e a s t of these i s the 
principflLi value, t h i s i s not always n e c e s s a r i l y the case. 
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Pyrolusite 
Specimens 
Sample No* Location Description 
1480 (C) Ilmenau, Germany Massive py r o l u s i t e , c r y s t a l l i n e . 
3751 (C) Rossbath, Westerwald Granular p y r o l u s i t e . 
5611 (D) 0m Bogjna Coarsely c r y s t a l l i n e p y r o l u s i t e . 
7099 (D) l i f e I d , Harz, Germany Coarsely fibrous p y r o l u s i t e . 
7106 (D) Unknown Coarsely fibrous pyrolusite* 
7089 (D) Concretionary pyrolusite, tabular. 
UX 931 (AE) Imini, Morocco Massive py r o l u s i t e . 
UX 975 (AE) 11menan, Thuringia Massive pyrolusite. 
X-Ray analysis 
Some ten pyrolusites were examined, some of the samples previously 
having been l a b e l l e d psilomelane. The q u a l i t y of the pattern v a r i e d 
considerably due, i t was thought, to varying grain s i z e * That t h i s 
was due to grain s i z e rather than s t r a i n imparted to the sample during 
grinding i s suggested by the f a c t that no improvement i n the q u a l i t y of 
the photograph was achieved by heating the sample prior to a n a l y s i s 
so as to release any s t r a i n imposed during the grinding. 
The most prominent l i n e s were 3.10, 1.62, 1.55 and 1.30 res p e c t i v e l y . 
Micro-hardness determinations 
Impression: concave sided impression. 
Dislocation: with 100 gm. load fracturing occurs p a r a l l e l to the 
• c 1 d i r e c t i o n . 
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Hardness: hardness anisotropy was measured on a specimen of 
pyrolusite from Om Bogma, the va r i a t i o n being ascribed to the disp o s i t i o n 
of the cleavage t r a c e s . 
Face Range Mean 
001 272 - 318 303 
110 or 010 C 76 - 99 84 
//C 259 - 280 272 
Optical determinations 
R a R 0 
n K 
White Light 33.5 - 34.0 18.8 - 19.5 3.25 - 3.25 0.0 
V 33.3 - 34.0 18.8 - 19.5 3.25 - 3.30 0.0 
B 33.8 - 35.0 18.8 - 19.6 3.30 — 3.30 0.0 
BG 33.2 - 34.5 18.3 - 19.5 3.30 - 3.30 0.0 
G 33.7 - 35.0 18.0 - 19.2 3.50 - 3.50 0.0 
YG 33.8 - 35.4 17.4 - 18.6 3.5 - 3.4 0.0 
Y 33.5 - 35.0 17.2 - 18.4 3.5 — 3.4 0.0 
0 31.9 - 33.3 16.7 - 17.7 3.5 - 3.5 0.0 
R 32.0 - 33.2 16.3 - 17.0 3.5 3.5 0.0 
1.3 .8 2.5 2.5 
D.T.A. 
Five samples of synthetic MnOg obtained from A.E.I. Ltd., Spennymoor, 
were subjected to D.T.A. ( F i g . 40, I - V) and the following conclusions 
drawn from the study. The synthetic dioxides can be t y p i f i e d as giving 
thermal curves with a small endothermic peak at 100 - 125°C. + a smaller 
exothermic peak a t 170 - 200°C, a major endothermic peak at 590 - 630°C. 
and a l e s s e r though s t i l l major endothermic peak a t 1010 - 1040°C. The 
- A 8 -
peak a t 100 - 125°C. i s thought to represent dehydration* while that a t 
590 - 630°C* represents the conversion of the dioxide to the sesquioxide 
(bixbyite) and that at 1010 - 1040°C. the t r a n s i t i o n from bixbyite to 
hausraannite* 
Four samples of naturally occurring pyrolusite were examined and 
gave r e s u l t s as follows ( F i g . 41, VI - I X ) . I n three out of the four 
specimens small exothermic peaks, representing dehydration, occurred a t 
200 - 290 C. and a l l four are characterised by a major endothermic peak 
a t 695 - 700°C. representing the conversion of pyrolusite to bixbyite 
and the l a t t e r i s converted to hausmannite a t 1020 - 1025°C. These 
r e s u l t s are in accord with e a r l i e r work except that the small exothermic 
reaction has not been observed. 
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)(Mn02 - Nsutite 
Specimens 
Sample No. Location Description 
5778 (D) China Fine grained - massive* 
7100 (D) 
7101 (D) 
Unknown 
Ghana 
Concretionary - massive* 
Concretionary - v e s i c u l a r . 
X-Ray analysis 
Three samples were found to contain XMnOg, a sample marked 
•Pyrolusite 1 from China being predominantly the 3 modification with 
minor cryptomelane, and two other specimens of massive ore from Ghana 
and an unlocated 'psilomelane 1 were found to consis t predominantly of 
^MnOg with minor pyr o l u s i t e . 
Within the l i t e r a t u r e there i s a considerable number of powder 
patterns which have been ascribed to ttMnOg, some of which have very 
l i t t l e i n common with other patterns* The three samples examined i n 
the present study gave patterns c l o s e s t to that of Cole, Wadsley and 
Walkley (1949) and Zwicker, Groeneveld-Meijer and J a f f e (1962). Cole 
et a l noted a v a r i e t y of tfMnO^ which they designated ifMnOgll which had 
l i n e s a t 4.32 and 3.89 a f t e r the material had been previously boiled i n 
n i t r i c acid they never observed the 4.38 l i n e i n natural material. The 
patterns of Zwicker et a l show a line in the region of 4.4 which i s 
noted i n the samples of the present study. I t i s concluded therefore 
that the samples are the n s u t i t e modification of ^ MnO^. 
Micro-hardness determinations 
Indentation: perfect to s l i g h t l y concave. 
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Dislocation: s l i g h t r a d i a l fractures i n a few cases. 
Hardness determination: 
Sample Load Range Mean 
7100 100 1003 - 1168 1033 
7101 100 1206 - 1288 1267 
bical determinati ons j\o \ 
R a R 0 
n E 
White Light 31.3 16.7 2.9 -
V 31.1 16.6 2.9 .4 
B 32.0 16.6 3.4 -
BG 31.4 16.3 3.2 .2 
G 31.5 15.9 - -
YG 31.5 15.5 - -
Y 30.8 15.1 3.4 -
0 30.0 14.7 3.4 -
R 29.0 13.7 3.3 0.0 
\ ( v - r ) 2.1 R o ( v - r ) 2.9 
D.T.A. 
Two samples of KMnO^ were examined and gave r e s u l t s as follows: 
(a) An unlocated botryoidal v a r i e t y gave a medium siz e d endothermic 
peak a t 570°C. ( F i g . 41, X) followed by a stronger peak at 650°C, and i n 
turn i s succeeded by the bixbyite - hausmannite peak at 1000°C. 
(b) A fine grained v a r i e t y from Ghana gave endothermic peaks at 
670°C. and 1030°C. corresponding very clo s e l y to thermal curves obtained 
by McMurdie and Golovato (1948) on samples from the same region. 
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Conclusions: The XMnOg curves show the f i r s t major endothermic 
peak at s l i g h t l y lower temperature (650 - 670°C.) than that of 
pyrolusite (695 - 700°C.) as was noted by McMurdie and Golovato (1948). 
In addition the curves show considerable base line d r i f t up to 600°C, 
a feature not observed with the pyrolusite curves. 
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Pyrochroite 
Specimens 
Sample No. Location Description 
TW 1572 (C) Pajsberg, Sweden Granular Pyrochroite* 
BM 1945, 115 Benallt M, Wales Granular pyrochroite* 
X-Ray analysis 
A sample of pyrochroite from Pajsberg, Sweden, was analysed and 
gave a powder pattern in accord with those of ear l i e r writers with the 
strongest lines at 4.70, 2*45 and 1.81. 
Micro-hardness determinations 
Impressions s l i g h t l y concave. 
Dislocation: cleavage fracture developes. 
Hardness determination: 
Variation of hardness with load 
Load Range Mean 
100 gm. 224 - 245 236 
30 gm. 254 - 296 268 
10 gm. 239 - 296 257 
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Optical determinations TUJ i572.(c 
R R n K a 0 
White Light 16.2 - 19.1 8.3 - 9.3 1.60 - 1.65 0.6 - 0.6 
V 16.4 - 19.1 8.4 - 9.7 1.60 - 1.70 0.6 - 0.6 
B 16.3 - 18.6 8.3 - 9.5 1.60 - 1.65 0.6 - 0.6 
BG 16.0 - 18.8 8.2 - 9.6 1.55 - 1.65 0.6 - 0.6 
G 15.3 - 18.1 7.8 - 9.2 1.60 - 1.65 0.6 - 0.6 
YG 15.2 - 17.9 7.8 - 9.1 1.55 - 1.65 0.6 - 0.6 
Y 15.0 - 17.6 7.6 - 9.0 1.55 - 1.60 0.6 - 0.6 
0 14.6 - 17.1 7.4 - 8.7 1.50 - 1.50 0.6 - 0.6 
R 14.2 - 16.5 7.2 - 8.4<s 1.50 - 1.60 0.6 - 0.6 
R f t(v-r) 
2.2 
R 0(v-r) 
2.6 1.2 1.3 
D.T.A. 
The specimen of pyrochroite from Pajsberg, Sweden, gave small 
broad endothermic peaks at 140 - 180°C. and 290°C. (Fig. 44, XXX) and 
f i n a l l y a f a i r l y broad medium sized endothermic peak at 960°C. 
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Manganite 
Specimens 
Sample No. Location Description 
JX 930 (AE) Harz, Germany Massive manganite. 
11 91 (C) Unknown Crystalline on massive manganite. 
88 10 (D) " Crystalline on massive manganite. 
7664 (p) I l f e l d , Germany Coarsely crystalline. 
2$ Harz, Germany Manganite crystals. 
X-Ray analysis 
Samples of manganite from the Harz and I l f e l d gave powder patterns 
similar to those reported by earlier writers with strong lines at 3.38, 
1.67 and 2.63. Weak lines at 2.36 and 2.31 were noted, which have 
previously only been noted by Fleischer and Richmond (1943). 
Micro-hardness determinations 
Impression: perfect with concave sides. 
Dislocation: cleavage fracture occurs parallel to the prominent 
cleavage direction. 
Hardness determination: 
Sample Load Range Mean 
JX 930 100 665 - 724 698 
8810 B.S. 100 690 - 734 724 
!I L.S. 100 600 - 640 620 
26 D L.S. 100 642 - 665 650 
" B.S. 100 613 - 782 697 
- A 15 -
Variation of 't&rdnees with applied load: 
Sat i>le 
8810 (I)) 
Basal Sect* 
Longl. Sect. 
Load 
100 
30 
10 
100 
30 
10 
Optical determinations ?S\0 3> 
R 
Range 
606 - 640 
643 - 702 
686 - 742 
690 - 734 
735 - 788 
713 - 772 
Mean 
620 
657 
713 
724 
750 
742 
R 
-e l i g h t 15.1 21.8 5.0 8.8 2.0 2.5 
V 14.7 21.7 5.0 8.9 1195 2.4 
B 15.0 21.9 4.9 8.9 2.0 2.5 
BG 14.8 21.8 4.9 8.8 2.0 2.7 
G 14.8 21.8 4.6 8.4 2.0 2.6 
YG 13.6 21.4 3.8 7.7 2.0 -
Y 14.3 20.7 4.2 7.5 2.05 
0 14.0 20.0 4.4 7.7 1.95 
R 13.6 19.4 3.9 6.9 2.0 2.50 
v-r) 
1.1 2.3 
V v-r) 
1.1 2.0 
R 
i 
White Light 15.1 
V 14.6 
B 15.0 
BG 14.8 
G 15.0 
YG 14.8 
Y 14.7 
0 14.4 
R 13.7 
R f t(v-r) 
0.9 
R o 
17.6 5.0 7.0 
17.4 5.4 7.0 
17.5 5.4 6.8 
17.2 5.4 6.7 
17.3 5.0 6.5 
17.0 4.5 5.8 
17.0 4.7 6.0 
16.4 4.9 6.0 
15.7 4.23 5.5 
2.6 
R (v--r> 
1.2 1.5 
n K 
2.0 2.0 .1 .3 
1.3 2.0 .3 .3 
1.9 2.1 .3 .3 
1.9 2.05 •3 • 3 
1.9 2.1 .3 .3 
2.0 2.1 .3 .3 
1.95 2.1 .3 .3 
1.90 2.0 .3 .3 
1.90 1.9 • 3 .3 
A 16 
D.T.A. 
Three samples of manganite were analysed, one sample being 
p a r t i a l l y altered to pyrolusite. 
(a) A well crystallised variety from I l f e l d , Harz, Germany, gave 
a very sharp endothermic peak at 420°C. (Fig. 43, XIX) followed by a 
small broad endothermic peak at 560 - 590°C, and then a f i n a l 
endothermic peak at 1030°C. 
(b) A sample of separate crystals of manganite of unknown location 
gives an endothermic peak at 385°C. (Fig. 43, XX) followed by a slight 
endothermic peak at 600°C. and a stronger one at 670°C, the 
characteristic bixbyite to hausmannite peak occurring at 1010°C. 
(c) A sample of manganite ident i f i e d as being p a r t i a l l y replaced 
by pyrolusite from a polished section and X-ray study gives the 
characteristic manganite-bixbyite peak at 380°C. (Fig. 43, XXl) but i s 
followed by a much stronger peak at 660°C. which masks the 560 - 600°C. 
peak and is in point of fact stronger than the 380°C. peak. This 
660°C. peak clearly represents the conversion of the pyrolusite to 
bixbyite. The f i n a l peak occurs at 1015°C. 
Conclusions: Manganite t y p i c a l l y gives a strong endothermic peak 
at 380 - 420 °C, a s l i g h t broad endothermic reaction at 560 - 600°C. 
and a further endothermic peak at 1010 - 1030°C, representing the 
formation of hausmannite. 
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Psilomelane 
Specimens 
Sample No, Location Description 
J.59 (A.E.) Restormel M, Cornwall Massive psilomelane. 
U.fi3 Cap Rock Dst., N.M. Concretionary psilomel 
X-Ray analysis 
Considerable variation exists between the several powder patterns 
that have been given for psilomelane. although the strongest lines are 
the same i n a l l patterns. In a l l ten 'psilomelanes1 were examined 
by X-ray analysis but of these only four proved to be psilomelane 
proper - the Ba r i c h orthorhombic form - the others being XMnOg, 
pyrolusite, but chiefly the Ba poor cryptomelane. The psilomelanes 
examined were a massive variety from the Cap Rock D i s t r i c t , Grant Co., 
N.M,, obtained from the U.S.G.S., and a sample from Restormel Mines, 
Cornwall, obtained from the Atomic liiergy Division of the Geological 
Survey. The strongest lines were 2.18, 2.41 and 3.45. 
Micro-hardness determinations 
Impression: perfect with s l i g h t l y to markedly concave sides. 
Hardness determination: 
Sample 100 gm. load Mean 
Restormel Mines 560 - 627 599 
Cap Rock Dist., N.M. 560 - 673 634 
Variation of hardness with load: 
Cap Rock Dist. 100 gm. 560 - 673 634 
30 gm. 616 - 687 643 
10 ©n. 636 - 742 686 
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Optical determinations J.fy{K&) 
Ra R 
0 
n K 
White Light 25.2 12.1 2.4 .20 
V 24.7 12*4 2.2 .5 
B 25.0 12.2 2.4 .4 
BG 24.1 11.5 2.4 .3 
G 23.8 11.0 2.5 .3 
YG 23.5 10.4 2.6 • 2 
Y 23.0 10.1 2.4 .25 
0 22.1 9.7 2.4 .25 
R 21.3 9.1 2.4 .2 
3.4 R 0(v-r) 3.3 
D.T.A. 
A fine grained psilomelane from Cap Rock D i s t r i c t , Grant Co., N.M. 
gives a thermal curve (Fig. 42, XV) with an exothermic peak at 750°C. 
a sharp endothermic peak at 825°C. and an endothermic sweep, the peak 
temperature exceeding 1050°C. These results c o n f l i c t with the curve 
fo r psilomelane given by Kulp and F e r f e t t i (1950) who recorded a broad 
exothermic reaction with a peak at 950 C. but are i n better accord with 
the results of Rode (1955) who recorded an exothermic peak at 740°C. 
and a sl i g h t endothermic peak at 810°C. - a broad exothermic phase 
followed by the strong endothermic peak at 1060°C., the l a t t e r being too 
high to observe in the present study. 
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Groutite 
Specimen 
Sample No. Location Description 
19 Cuyuna Range, Minn. Crystalline groutite. 
X-Ray analysis 
A specimen of groutite from the type l o c a l i t y gave a powder pattern 
identical with that reported by Gruner. 
Micro-hardness determinations 
Impression: varies considerably with orientation. May have 
unbroken concave sides, but more frequently fractures occur along (OlO) 
cleavages• 
Hardness determinations: 
Variation of hardness with load 
Load Range Mean 
100 gm. 613 - 640 627 
752 - 813 782 
30 gm. 630 - 718 702 
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Optical determinations 
R R n K a o 
White Light 12.8 21.2 4.4 8.7 1.80 2.40 .3 .1 
V 12.8 21.4 4.2 8.9 1.8 2.3 .3 .3 
B 12.6 20.8 4.1 8.5 1.78 2.3 .3 .3 
BG 12.7 20.5 4.1 8.2 1.8 2.3 .3 .3 
G 12.6 20.0 3.6 7.7 1.85 2.3 • 2 .25 
YG 12.4 20.0 3.3 7.5 1.85 2.3 • 2 .2 
Y 12.2 20.0 3.5 7.6 1.82 2.4 .2 .2 
0 12.0 19.5 3.7 7.6 1.75 2.45 .25 .1 
R 11.6 18.9 3.2 7.1 1.80 2.6 .2 — 
Ra (v-r) 
1.2 2.5 
R (v-r) 
0 1.0 1.8 
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Franklinite 
Specimen 
Sample No 
13 (C) 
8863 (D) 
8875 (D) 
5794 (D) 
RG (D) 
Location 
Franklin Furnace 
it it 
Description 
Octahedra 0*5 cm. side. 
Octahedra. 
it 
it Massive f r a n k l i n i t e with z i n c i t e . 
X-ray analysis 
Several specimens of f r a n k l i n i t e from the type l o c a l i t y of 
Franklin Furnace were examined. The minerals occur i n well formed 
octahedra. Powder patterns revealed a line at 4.84A and 2.43A not 
recorded by Harcourt (1930) but i n none of the samples was a line 
recorded at 2.80A. Strongest lines were recorded at 2.54, 1.49 and 
1.62. 
a° f o r f r a n k l i n i t e was determined as 8.50A. 
Micro-hardness determinations 
Impression: perfect with a sl i g h t suggestion of concave faces. 
Dislocation: rarely small radial fractures develope with the 
100 gm. load. 
Hardness determination: Five specimens of f r a n k l i n i t e studied 
gave the following range andmean micro-hardness values determined with 
a 100 gm. load: 
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13 824 — 835 827 
8863 803 — 835 824 
8875 803 - 847 824 
RG 792 - 813 803 
5794 690 - 724 703 
Variation of hardness with applied load: 
Load Range Mean 
100 gm. 824 - 835 827 
30 gm. 869 - 938 909 
10 gm. 958 - 1003 985 
Variation of hardness with orientation: 
Load Face Range Mean 
100 100 824 - 835 827 
100 111 772 - 792 782 
ti c a l determinat ions f 3 f c ) 
R R n K a 0 White Light 19.0 7.0 2.30 .10 
V 19.2 6.4 2.40 .1 
B 18.9 6.2 2.42 .05 
BG 18.8 6.15 2.40 .05 
G 18.6 5.95 2.50 .0 
YG 18.4 5.80 2.45 .0 
Y 18.2 5.55 2.40 .05 
0 17.8 5.30 2.40 •0 
R 17.1 4.95 2.30 .1 
R > - r ) 
2.1 
R o(v-r) 
1.4 
D.T.A. 
Four specimens of fr a n k l i n i t e were analysed from the type l o c a l i t y 
of Franklin Furnace. N.J. Typically f r a n k l i n i t e does not show any 
thermal reaction up to 1050°C. One of the samples analysed gave an 
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exothermic peak at 480°C. and a broader exothermic peak at 950 - 955°C, 
being later i d e n t i f i e d as magnetite, Fig. 44, XXV - XXVII. 
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Jacobaite 
Specimens 
Sample No. Location Description 
1238 (C) Unknown Disseminated jacobsite. 
UX 969 (AE) Franklin Furnace, N.J. Very scattered jacobsite 
in quartz. 
X-Ray analysis 
An unlocated sample of jacobsite gave a pattern in accord with 
that of the previous authors, other than that no line was observed at 
2.43A. 
o 
a was determined as S «503i\ 
Micro-hardness determinations 
Impression: perfect. 
Dislocation: radial fractures i n a few cases. Hardness: 
Sample Load Range Mean 
UX 969 (AE) 100 690 - 715 698 
1238 (C) 100 835 - 870 854 
Variation of hardness with applied load 
Sample Load Range Mean 
1238 (C) 100 835 - 870 854 
30 891 - 914 904 
10 839 - 1003 958 
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Optical determinations |2&*(c*)-
R a R 
0 
n K 
White Light 19.7 7.7 2.3 .05 
V 18.2 7.5 2.0 .4 
B 18.8 7.5 2.1 .4 
BG 18.8 7.7 2.0 .4 
G 19.1 7.5 2.45 .1 
YG 19.6 7.2 2.4 .2 
Y 19.6 7.4 2.25 .25 
0 19.4 7.6 2.2 .3 
R 19.0 6.8 2.3 • 2 
R o(v-r) .8 Ro(v- r ) .7 
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Hausmannite 
Specimen 
Sample No. Location Description 
TW 1282 (C) I l f e l d , Harz Granular f r i a b l e bausmannite. 
244 (C) Langban, Sweden Disseminated massive hausmannite. 
E 87 (AE) Thuringia Massive hausmannite. 
8824 (D) Thuringia Crystals on massive hausmannite. 
OB 16 (D) Om Bogma Massive* 
X-Ray analysis 
Specimens of hausmannite from I l f e l d , Harz, Langban, Sweden and 
Thuringia were examined by X-ray analysis. Extremely good agreement 
was obtained with published data, the strong lines being at 2.48, 1.53 
and 2.75. 
Micro-hardness determinations 
Impression: fractured - concave sides. 
Dislocation: two sets of glide planes (010) apparent together 
with radial and shell fractures. 
Hardness: 
Sample Load Range Mean 
TW 1282 (C) 100 672 - 642 606 
244 (C) 100 514 - 620 572 
E 87 (AE) 100 566 - 613 585 
8824 (D) 100 606 - 724 657 
OB 16 (D) 100 536 - 606 560 
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Variation of hardness with applied load: 
Sample Load Range Mean 
TW 1282 (C) 100 572 - 642 606 
30 604 - 672 657 
10 591 - 713 686 
Optical determinations 2 4 4 ( f ) 
R R n K a o 
White Light 18.0 21.5 6.8 8.8 2.15 2.40 .1 .15 
V 18.0 21.7 6.9 9.1 2.10 2.35 .3 .3 
B 18a 21.4 6.7 8.8 2.2 2.35 .25 .2 
BG 17,8 21.2 6.6 8.6 2.12 2.35 •25 .2 
G 17.5 20.8 5.9 7.9 2.20 2.35 .25 .2 
YG 17.2 20.5 5.4 7.2 2.20 2.5 .25 .1 
Y 16.8 19.8 5.4 7.1 2.20 2.4 .15 •2 
0 16.4 19.2 5.7 7.3 2.05 2.4 • 2 .15 
R 15.6 18.4 4.9 6.5 2.10 2.3 .15 .2 
R a ( v - r ) R Q ( v - r ) 
2.4 3.3 2.0 2.6 
D.T.A. 
A coarse granular, rather f r i a b l e specimen of hausmannite from 
I l f e l d , Harz, Germany, gave no thermal e f f e c t s over the temperature 
range studied, ( F i g . 44, XXIV ) . A s l i g h t endothermic peak at 950°C. 
reported by Pavlovitch (1935) and Rode (1955) was attr i b u t e d to the 
formation of a twinned modification and the o c - 0 hausmannite 
t r a n s i t i o n . 
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Hetaerolite 
Specimen 
Sample No, Location Description 
BM 1950,304 Ogdensberg, N.J. Chalcophanite coating faetaerolite 
X-Ray analysis 
A sample of hetaerolite associated with chalcophanite from Ogdensberg, 
Sussex Co., N.J. gave a powder photograph comparable with those of 
e a r l i e r workers with the strongest l i n e s a t 2*44, 2.68 and 1.51. 
Micro-hardness determinations 
Impression: concave sided impression. 
Di s l o c a t i o n : r a d i a l fractures with s h e l l f r a c t u r e s . 
Hardness: 
Load Hange Mean 
100 585 - 657 642 
Optical determinations 
R R n K a o 
White Light 14.3 19.1 4.1 7.3 2.10 2.30 a a 
V 14.3 19.0 4.4 6.7 1.92 2.34 .2 .15 
B 14.2 18.6 4.3 6.5 1.95 2.30 • 2 • 2 
BG 14.0 18.2 4.2 6.3 1.93 2.2 •2 • 2 
G 13.6 18.0 3.9 5.9 1.95 2.3 • 2 a 
YG 13.4 17.5 3.5 5.4 2.0 2.25 a a 
Y 13.2 17.2 3.6 5.4 1.98 2.25 .15 .15 
0 12.8 16.7 3.8 5.6 1.83 2.1 • 2 • 2 
R 12.2 16.0 3.3 5.1 1.90 2.1 .15 .2 
R a ( v - r ) 
2.1 
R 
0 
3.0 
( v - r ) 
1.1 1.6 
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Crednerite 
Specimen 
Sample No. Location Description 
BM 1932, 1083 Priddy, Mendips Flakey grains. 
X-Ray ana l y s i s 
A crednerite sample from Priddy, Mendips, Somerset, gave prominent 
l i n e s at 2.48, 2*82 and 2.40. 
Micro-hardness determinations 
Impression: concave sided impression. 
Dislocation: r a d i a l fractures with s h e l l f r a c t u r e s . 
Hardness: 
Load Range Mean 
100 327 - 357 342 
Optical determinations 
R_ R_ n K a 0 
White Light 25.0 34.0 12.2 19.0 2.4 3.25 .2 .1 
V 24.7 35.8 11.2 20.3 2.5 3.4 .3 .3 
B 24.9 36.8 11.2 20.7 2.6 4.0 .3 -
BG 24.3 36.1 10.8 20.0 2.6 4.0 .3 -
G 24.3 36.0 10.5 19.3 2.7 4.0 • 2 .0 
YG 23.6 35.0 8.9 18,3 2.7 4.0 .2 .0 
Y 23.1 34.0 9.6 17.4 2.8 3.8 .05 
0 22.3 32.2 9.5 16.6 2.35 3.6 .3 
R 
R a ( v - r ) 
21.3 
3.4 
30.2 
5.6 
8.6 
R 0 ( v - r ) 
2.6 
14.6 
5.7 
2.40 3.4 .2 
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Chalcophanite 
Specimens 
Sample No. 
11 (c) 
U.S. 5 
BM. 1950, 304 
Location 
S t i r l i n g , N.J. 
Lake Valley, N.M 
Ogdensburg, N.J. 
Description 
Massive and v e s i c u l a r chalcophanite 
V e s i c u l a r chalcophanite. 
Chalcophanite rimming h e t a e r o l i t e . 
X-Ray analysis 
Three samples of chalcophanite were available for study, from 
Lake Valley, New Mexico; S t i r l i n g H i l l , New Jersey; and Ogdensburg, 
Sussex Co., New Jersey. The strongest l i n e s were 6.96, 2.22 and 1.59 
as noted by Ramdohr. However various l i n e s recorded by Ramdohr were 
not present i n the samples studied, 7.54, 4.20 and 3.60A. S i m i l a r l y 
these l i n e s were not recorded by Neumann. 
Micro-hardness determinations 
Impression: concave. 
Dislocation: fractured. 
Hardness: 
Va r i a t i o n with applied load and d i r e c t i o n 
X cleavage // cleavage 
Load Range Mean Range Mean 
100 72 - 78 75 110 - 150 130 
30 100 - 112 108 131 - 172 150 
10 103 - 112 108 125 - 182 150 
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Optical determinations &1"| .^50.304-. 
R a R 0 n K 
White Light 33.6 19.5 2.70 • 1 
V 33.5 18.3 3.1 •4 
B 32.2 16.8 3.5 -
BG 30.0 15.2 3.2 .2 
G 28.5 13.6 3.1 .2 
YG 27.3 12.2 3.1 -
Y 25.7 11.4 2.9 — 
0 24.6 11.2 2.5 .3 
R 23.5 10.0 2.6 • 2 
R a ( v ~ r ) 10.0 8.3 
R a R 0 n K 
White Light 10.7 3.0 1.75 • 1 
V 10.8 3.25 1.7 .2 
B 10.6 3.03 1.72 .2 
BG 10.3 3.05 1.70 • 2 
G 10.0 2.37 1.75 • 2 
YG 9.6 - - -
Y 9.4 2.32 1.66 .2 
0 9.5 - - — 
R 9.1 2.09 1.67 •2 
R a ( v - r ) 1.7 R 0 ( v - r ) 1.16 
D.T.A. 
A single specimen of chalcophanite was analysed thermally. A 
strong endothermic peak occurs a t 220°C. ( F i g . 44, XXXl) followed by 
a broader and weaker endothermic peak a t 570 - 580°C. No further 
curves were noted up to 1050°C. 
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Cryptomelane - Coronadite - Hollandite 
X-Ray a n a l y s i s 
As noted in the discussion of the various manganese minerals these 
three forms are i s o - s t r u c t u r a l although at the temperature p r e v a i l i n g 
during t h e i r formation s o l i d solutions seem to be very limited* The 
i d e n t i f i c a t i o n of one form from that of another i s dependent on a 
c r i t i c a l examination of l i n e i n t e n s i t i e s . The coronadite specimen 
examined from Bou Tajoult, Imini, Morocco, was characterised by a lack 
of l i n e s with an 'a* spacing greater than 3.44A i n accord with patterns 
quoted by F l e i s c h e r and Richmond, and Ramdohr (1956). The most prominent 
l i n e s a t 3.09, 2*20 and 1.53A. Two specimens of hollandite, both from 
Ka j l i d o n g r i , I n d i a , gave strong l i n e s a t 3.08, 2.41 and 1.52A, rather 
s i m i l a r to coronadite, however hollandite also gives l i n e s at 4.84, 
and a suggestion of a l i n e a t 6.73. The l i n e a t 5.83A noted by Ramdohr 
(1956) was not recorded i n the present study. 
The various cryptomelanes examined gave a d i s t i n c t l i n e i n the 
region of 6.90A, much stronger than the l i n e recorded in the hollandite 
pattern. The most prominent l i n e s are 2.40, 3.10 and 6.90. 
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Coronadite 
Specimens 
Sample No. Location Description 
24 Bou Tajoult, Morocco Massive concretionary. 
UX 569 (AE) Imini, Talenakht, Morocco " " 
Micro-hardness determinations 
Impression: concave. 
Dislocation: r a d i a l s i n fibrous material with 100 gm. load. 
Fracturing occurs p a r a l l e l to fibrous material. 
Hardness: 
Sample Load Range Mean 
UX 569 AE 100 673 - 743 707 
24 D 100 572 - 599 585 
Optical determinations t>x 5€>9 
R R n K a o 
White Light 28.2 34.0 13.6 19.0 2.95 3.25 .15 •2 
V 28.2 34.4 14.0 18.8 3.0 3.5 .2 .2 
B 28.3 34.2 14.0 18.5 2.9 3.5 .3 .2 
BG 27.2 33.3 13.3 17.8 2.7 3.3 .4 .2 
G 27.2 33.3 12.6 17.0 3.0 - .1 0 
YG 26.7 32.3 11.8 16.0 3.0 - - -
Y 26.0 31.5 11.5 15.4 2.9 3.5 - .0 
0 25.0 30.0 11.4 14.7 2.5 3.3 .3 .1 
R 24.7 28.7 10.4 13.4 2.9 3.3 .0 .0 
* 3.5 5.7 3.6 5.4 
- A 34 -
D.T.A. 
A single specimen of coronadite from Imini, Morocco, was analysed 
thermally ( F i g . 42, X I l ) and i t gave a medium siz e d , sharp endothermic 
peak at 880°C. followed by a stronger and sharper peak a t 1020°C. 
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Hollandite 
Specimens 
Sample No. Location Description 
3784 (C) Kajlidongri Mine, India D i s t i n c t c r y s t a l s . 
J 27 (AE) Unknown Massive hollandite. 
Micro-hardness determinations 
Impression: Strongly concave i n sections p a r a l l e l to C. 
Dislocation: fractures p a r a l l e l to C 
Hardness: 
Sample No. Load Range Mean 
3784(C) 100 514 - 665 572 
27 (AE) 100 525 - 698 585 
Variation of hardness with orientation: 
Sample Orientn. Range Mean 
3784 (C) B.S. 572 - 592 579 
L.S. 1 C 530 - 560 548 
L.S. //C 606 - 665 627 
Optical determinations i^%A-(o) • 
R R n K a 0 
#e l i g h t 27.3 34.5 13.1 20.2 2.9 3.30 .5 
V 27.0 33.9 • 13.4 19.3 . 2.5 2.9 .5 
B 27.1 33.0 13.3 19.1 2.7 2.5 • 2 
BG 26.6 33.4 12.8 18.4 2.7 3.0 .2 
G 26.2 32.8 12.0 17.4 3.0 3.2 -
TO 25.6 38.3 11.2 16.5 2.9 3.5 -
y 25.2 31.5 11.1 16.0 2.9 ^.5 -
0 24.5 30.2 10.9 15.4 2.7 3.0 .1 
R 94.3 29.4 10.3 14.4 P.8 3.0 .0 
R (v a -0 
2.7 4.5 
R (v o v - r ) 
3.1 4.9 
.5 
.5 
.4 
.? 
.2 
.2 
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D.T.A. 
The specimen of Hollandite from the Kajlidongri mine, India, gave 
a rather i n d i s t i n c t endothermic reaction ( F i g * 42, X I I l ) a t 800 - 900°C. 
followed by an endothermic reaction s t a r t i n g at 940°C. but the peak 
temperature of t h i s was above the l i m i t of the recorder - 1050°C. 
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Crypt ome lane 
Specimens 
Sample No. 
U.S. 1 
U.S. 2 
7084 (D) 
7086 (D) 
17 (C) 
U.S. 4 
Location 
Tombstone, A r i z . 
Sugar S t i c k , Ark. 
Cape of Good Hope, S.A. 
Orkney 
Devon 
Hoggett Mine 
Description 
C r y s t a l l i n e . 
Massive, concretionary, 
Botryoidal. 
Radiating concretionary r i b s . 
Concretionary. 
Micro-hardness determinations 
Impression: s l i g h t l y concave 
Dislocation: none. 
Hardness: 
Sample Load Range Mean 
7084 100 858 - 1048 988 
7086 100 665 - 707 698 
U.S. 2 100 566 - 772 642 
7094 100 734 - 920 858 
U.S. 1 100 813 - 946 847 
Vari a t i o n of hardness with load: 
Sample Load Range Mean 
U.S. 2 100 566 - 772 642 
30 630 - 808 687 
10 713 - 839 742 
- A 38 -
Optical determinations 708£>(2>). 
R a R 0 n K 
White Light 28.4 14.5 2.6 .30 
V 27.8 14.5 2.6 .45 
B 28.0 14.4 2.6 .45 
BG 27.6 13.9 2.7 .30 
G 27.0 13.4 2.7 .30 
YG 26.7 12.8 2.80 .25 
Y 26.0 12.3 2.7 .25 
0 25.0 11.7 2.6 .30 
R 28.9 10.9 2.6 .30 
R ( v - r ) 3.9 R ( v - r ) 3.6 a o 
D.T.A. 
Pour samples of cryptomelane analysed thermally gave variable 
r e s u l t s as follows: 
(a) A massive fi n e grained v a r i e t y from Devon, i n the form of 
radiating rib s 0.25 inches in diameter gives on analysis ( F i g . 42, X V I I l ) 
a small rather broad exothermic peak at 220 - 260°C. followed by smaller 
exothermic peaks a t 640 and 790°C, an endothermic peak at 875°C, and 
an exothermic peak a t 950°C. and a f i n a l endothermic peak at 1000°C. 
(b) A very f i n e grained, massive v a r i e t y from Sugar S t i c k , 
Arkansas, gives a broad exothermic peak (Pig. 42, XVI) at 860 - 890°C, 
followed by an endothermic peak at 960°C. and a smaller exothermic peak 
a t 990°C. 
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( c ) A specimen from the Hoggett Mine, Hidalgo County, New Mexico 
gives a curve (Pig* 42, X V I l ) quite d i f f e r e n t from e i t h e r of those 
described above - a gradual endothermic phase begins a t 800°C. and 
reaches a peak at 980°C. 
(d) A fine grained concretionary v a r i e t y from Orkney gave a 
d i s t i n c t exothermic peak at 750°C. ( F i g . 42, XIV ) followed by a sharp 
endothermic peak at 860°C. and in turn followed by an endothermic 
sweep from 980°C, the peak temperature exceeding 1050°C. 
Conclusions: From the above detailed description i t i s evident 
that with the exception of an endothermic peak at 960 - 1000°C. the 
cryptomelane samples display no c h a r a c t e r i s t i c thermal curve, i n sp i t e 
of the f a c t that t h e i r powder photographs are i d e n t i c a l . An endothermic 
peak i n the region of 900 - 1000°C. was recorded i n three cryptomelanes 
by McMurdie and Golovato (1948). Rode (1955) s i m i l a r l y records t h i s 
endothermic peak at 240°C. and a strong exothermic peak a t 500°C. 
- A 40 -
APPENDIX I I 
X-RAY DIFFRACTION DATA 
In t h i s section the detailed X-ray d i f f r a c t i o n data 
obtained i n the present study i s presented, together with 
that of e a r l i e r workers. 
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APPENDIX I I I 
SYMBOL KEY 
Reflection c o e f f i c i e n t 
R e f l e c t i v i t y 
Maximum and minimum r e f l e c t i v i t i e s 
Reflection c o e f f i c i e n t i n a i r 
Reflection c o e f f i c i e n t i n o i l 
R e f l e c t i v i t y i n a i r 
R e f l e c t i v i t y i n o i l 
R - R a o 
R 
a 
R e f l e c t i v i t y i n v i o l e t l i g h t 
R e f l e c t i v i t y i n red l i g h t 
V i o l e t spectrum f i l t e r 
Blue w ii 
Blue-green «« » 
Green « n 
Yellow-green n w 
Yellow I I I I 
Orange »» " 
Red I I tt 
Refractive index 
Absorption index 
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SAMPLE NUMBERING, 
Number refers to catalogue Numbers of Institution from which mineral 
samples were obtained and the le t t e r s denote the sources as follows: 
A. E. Atomic Energy Division of The Geological Survey 
of Great Britain. 
B. M. B r i t i s h Museum of Natural History, London. 
C. Department of Mineralogy and Petrology, 
U.S. United States Geological Survey, Washington, D.C. 
Numbers withaut lettered prefix or suffix are the authors own 
specimen numbers. 
University of Cambridge. 
Department of Geology, University of Durham. 
